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REMARKS 




Claims 1-21 are pending in this application. Amendments to claims 1, 7, U and 13 are provided 



The Office action of 06/02/2005 states that claims 1-3 and 5-21 stand rejected under 35 USC 
102(b) as being anticipated by Kaleko (WO/97/25446). On page 4 of that Office action, it is 
stated that vC . . . it is maintained that the language of the instant claims does not exclude the 
presence of the elements as a terminal protein attached to or associated with an ITR. There is no 
language in the instant claims reciting that a terminal protein is not attached to an ITR, and the 
claim language is open. Therefore, the rejection is maintained." 

Without conceding to the correctness of this rejection, to advance the claims to allowance, 
Applicant amends all independent claims, claims 1, 7, 11 and 13, to include exclusionary 
language that states that "an adenovirus encoded terminal protein is not linked to the first or to 
the said second nucleic acid sequence." This phrase excludes the possibility mat an adenovirus 
vector is formed in accordance with the claims where that vector includes as an element of the 
vector an adenovirus encoded terminal protein attached to or associated with an ITR. 

This phrase is supported in the specification as follows. First, in two paragraphs in the 
Summary, ftom page 4, line 24 to page 6, line 6, two embodiments are distinguished, and only 
the latter one is stated to comprise a DNA-Terminal Protein ("TP") complex. This is further 
supported on page 17, line 26, where it is stated, "In a preferred embodiment of the present 
invention, a system is described for the construction of novel Ad vectors, or alteration of existing 
Ad vectors, by the use of a site-specific recombinase." This is immediately followed on page 18, 
line l, with "In a further embodiment of the invention, an infectious viral DNA-TP complex is 
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engineered to take advantage of recombinase-mediated site-specific recombination and the 
enhanced level of infectivity achieved through the presence of the terminal protein.*' (italics 
emphasis added) These two parts of the specification make clear that the first of the each set of 
disclosed embodiments does not comprise DNA-TP. 

Further support of this point is from page 5, line 1 5 through page 6, line 6, where it is explained 
that "In a further embodiment of this invention, DNA-TP complexes are utilized . . An 
example of this embodiment is later provided as Example 10, page 45. as supported by figures 12 
and 13 (also see FIGs. 8b and 8c). Thus, although the use of DNA-TP complexes was 
articulated, by the logic of dichotomy, in other embodiments there are no DNA-TP complexes. 
Key examples where there is no TP associated with DNA are Examples 1 and 6. It is 
appreciated that for the examples in which first and the second nucleic acid sequences are in the 
form of circularized plasmids, it is not structurally possible to have TP associated with the ITR in 
such construct. Accordingly, in summary, the added exclusionary language is supported by the 
existence of such embodiments and as the different embodiments are described and distinguished 
in the specification- Based on the amendments herein, the claims are limited to embodiments of 
the invention that do not comprise a DNA-TP complex in an infectious adenovirus vector that is 
produced in accordance with these claims. Thus, these amendments are supported and do not 
add new matter. 

Further as to the role of terminal protein (TP) in adenoviral replication, during the telephone 
interview on 28 July 2005, the Attorney for Applicant indicated that he would attempt to provide 
supporting material and/or explanation for the role of TP. Accordingly, provided herein are 
pages 671 to 682 of a review article by Challberg and Kelly, entitled Animal Virus DNA 
Replication (Annu. Rev. Biochem. 1989. 58:671-717). Further, as supported by this review 
article, it is noted that adenovirus TP is synthesized in the form of a larger 80-kd precursor 
(pTP), and the pTP is active in initiation, such as during repeated replication of copies of the 
original infecting DNA template (see page 675 and 678-680). Although the TP may be produced 
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in a host cell, the terminal protein precursor (pTP) is one of three replication-related proteins 
encoded by genes in the adenovirus genome (see page 674). During packaging of the viral 
genome into virions, pTP undergoes proteolysis that results in the formation of the 55-kd TP (p. 
674). Thus, it is appropriate to state mat TP associated with adenoviral DNA is adenoviral 
encoded (this also is supported in the specification on page 37, lines 3-5, recognizing, however, 
that the embodiment referred to is excluded in the claims as presented herein). The 55-kd TP is 
associated with the adenoviral DNA in the virion, and appears to remain so associated to the 
original, infecting copy of adenoviral DNA during an infection of a cell by such virion. Also, 
while the 55-kd TP attached to adenoviral DNA does provide an efficient template for initiation 
of adenoviral replication (p. 678), this is not necessary. Further explanation of the use of TP is 
found in the specification, from page 5, line 15 through page 6, line 6. 

Also, as additional information about adenoviral DNA complexed with terminal protein, two 
early references are provided; these were referenced on page 6, lines 23-26, of the specification, 
and are the Sharp et al. article and the Chinnadurai et al. article. 

Returning to the significance of the discussion of TP in the Kaleko reference, first, it is 
appreciated that Kaleko neither suggests nor provides a motivation for one to practice his 
invention without the use of TP on at least one of the polynucleotide sequences. Second, Kaleko 
consistently refers to the presence of TP, such as would be obtained by a more tedious extraction 
process from adenoviral DNA from virions, so when referring to TP Kaleko apparently is not 
considering nor concerned with the normal roles of pTP upon DNA copies after infective entry 
of a recombinant adenoviral vector into a cell. Third, because Kaleko does not teach, suggest, 
nor provide a motivation to combine teachings to practice recombinase-based recombination 
without TP attached to at least one polynucleotide used to produce an infectious adenovirus, 
Kaleko does not enable the present invention as it is presently claimed. 

Based on the above, Kaleko does not anticipate the claims as amended, nor can render it obvious, 
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and Applicant respectfully requests reconsideration and withdrawal of the above-indicated basis 
for claim rejection. 

Claim Refections under 35 CISC 103 

The Office action of 06/02/2005 states that claim 4 stands rejected under 35 USC 103(a) as being 
unpatentable over Kaleko (WO/97/25446) in view of Ben et al. (Proc. Natl. Acad. Sci. USA 
91:8802-8806 (1994)). The rejection refers to the reasoning provided with regard to the above- 
referenced anticipation rejection. 

The same arguments and distinctions as provided above for the anticipation rejection of claim 1- 
3 and 5-21 apply to this obviousness rejection of claim 4- In particular, because Kaleko does not 
teach, nor suggest nor provide a motivation to practice the recombinase-based recombination to 
form an infectious adenovirus vector without TP, it is not proper to use this reference in an 
obviousness rejection for claims that explicitly state that "the terminal protein is not linked to the 
fir6t or to the said second nucleic acid sequence." 

Accordingly, Applicant respectfully requests reconsideration and withdrawal of the above- 
indicated basis for claim rejection. 

Double Patentin g Rejection 

Claims 1, 7, 11 and 13 stand rejected under the judicially created doctrine of obviousness-type 
double patenting, as being unpatentable over claims 1-12 of U.S. Patent No. 6,379,943. Without 
conceding to the correctness of this rejection, Applicant herewith provides a Terminal 
Disclaimer to overcome this basis of rejection. 
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Accordingly, Applicant respectfully requests reconsideration and withdrawal of the above- 
indicated basis for claim rejection. 

ttt/vtrparation of f ables from Parent 

In studying the specification in order to prepare this Reply, Attorney for Applicant has come to 
the conclusion that Tables 1-5, present in the parent application, apparently were inadvertently 
omitted from the filing papers of the present application. To rectify this oversight. Applicant 
provides the Tables 1-5 from the parent, Serial number 09/263,650, filed March 5, 1999, now 
U.S. Patent No. 6,379,943. Incorporation of these tables is further supported by the 
incorporation by reference statement in the present application, found on page 18, lines 23-25, 
and the first paragraph cross reference to the noted parent. 

Entry of Tables 1-5 to the application is respectfully requested. 

Applicant respectfully requests that a timely Notice of Allowance be issued in this case. 
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The Examiner is invited to call the under s igned if clarification is needed on any aspects of this 
Replv/Amendment. or if the Examiner believes a tel ephonic interview would exnMte the 
prosecutiop of the subject applicati on to completion. 



Respectfully submitted, 




: Attorney, Registration No. 51,210 
'(Customer No. 29,391) 
Mailing Address and Phone/Fax numbers: 



Beusse Brownlee Wolter Mora & Maire, P. A. 



390 N- Orange Avenue, Suite 2500 
Orlando, FL 32801 
Telephone: 407-926-7727 
Fax: 407-926-7720 
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Table X. Cotransfectkras on 293 and 293Cre cells for rescue of LacZ (± loxP) 



Plasmid combo pg DNA Plaques/dish Plaques/dish 

(293 cells) (Totals) (293Cre cells) (Totals) 



P CA36:p8HG10 5:5 0,0,0,0 0,1,2,0 

5:10 0,0,0,1 1,0,0,0 

10:10 2,0,1.1 1,2,0,0 

(5) (7) 

P CA36:pBHGlQiox 5:5 0,0,0,1 0,0,0,0 

5:10 0.0,0,1 0,0,0,0 

10:10 0,0,2,1 0,0,0,0 

(5) (0) 

P CA361ox:pBHGlO 5:5 .1.3,1,0 0,1,0,1 

5:10 0,1,0,0 0,0,1,2 

10:10 0,0,0,0 0,1,1,0 

(6) (7) 

pCA3<a<nt:pBBGl0l<w 5:5 1.0,0,1 15,14,20,20 

5:10 0.0,0,0 11,15,12,16 

10:10 0,0, 1. 1 18, 9, 10, 8 

(4) (168) 
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Table 2. Cotransfections on 293 and 293Cre cells (or rescue of LacZ (± loxP) 



Plasmid combo ugDNA Plaques/dish Plaques/dish 

PlasmiacomDO hb (2 93 cells) (Totals) (293Cre cells) (Totals) 



pCA36:pBHGlOIox 5:5 1,1.2,6,2,3 1,1,2,1,2,3 

(15) (10) 

P CA361ox:pBHG101ox 5:5 1, 2. 2. 2, 2. 1 41.44,41,41,44,31 

(10) (242) 

P CA3floxA:pBHG101ox 5:5 0,0,0.0,0,0 41,36,5534.24,40 

(0) (230) 

FG140 1 72,72 150,115 
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Table 3 Efficiency of Ad vector rescue by cotransfection with pBHGlOlox and various shuttle 
plasmids* 



Cell line 


Shuttle plasmid 


Plaques/dish 


Average/dish 


293 


pCA361ox 


6,2, 3, 3,5 


3.8 




pCA361oxA 


1,4, 0.0,0 


1.0 




pCA361oxACreR 


2,2,4,3,2 


2.6 




pCA361oxACreT 


9,4,4,7,3 


5.4 


293Crt 


pCA361oxA 


23, 28, 22, 28 


25.3 



a 5(4g of all plasnuds were used in cotransfections. 
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TaWe 4, EOSdency of Ad vector rescue by cotrausfectioii of 293 cells with pBHGlOlox 
shuttle plasraids encoding Cre". 



Cell line 


Shuttle plasmid 


Plaques/dish 


Average/dish 


293 


pCA361ox 


2,3.1,0. 1 


1.4 




pCA36loxA 


1,0,0,0,0 


0.2 




pCA3ffloxACreT* 


3, 1, 5.2,4 


3.0 




pCA361oxCreITR b 


21,20,42, 34,40 


31.4 



-All confections performed with 5 H g of the indicated shuttle plasmid and 5 M g of pBHGlOlox 



Tlasmids illustrated in figure 8c. 
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672 CHALLBERG & KELLV 

eukaiyouc DNA replication. Viral genomes are relatively simple and can be 
readily manipulated by modem genetic methods. In addition, the replication 
of some viraJ genomes has proven amenable to analysis in cell-free systems. 
These facts significantly enhance the ability to analyze replication mech- 
anisms at the molecular level. There are a number of porentialJy useful viral 
systems, and this review focuses on four of the best characterized: («) 
adenovirus, (b) SV40, (c) herpes simplex virus, and W) bovine papillomavi- 
rus. Each system has certain unique virtues thai can be exploited to gain 
insight into different aspects or the replication process. 

Adenovirus DNA replication occurs tfy a process that is significantly less 
complex than chromosomal DNA replication. Replication initiates by a novel 
protein priming mechanism, and all daughter strands are elongated by a 
continuous mode of synthesis such as occurs at the leading strand of a 
chromosomal replication fork. The biochemical dissection of a soluble in 
vitro system capable of faithfully replicating adenovirus DNA has led to the 
identification of most of the proteins involved. Adenovirus DNA replication 
requires the participation both of virus-encoded replication proteins and host- 
cell-encoded transcription factors. Since a linkage between replication and 
transcription has now been observed in other systems, it is likely that further 
analysis of the adenovirus system will provide insights that are of general 
importance. 

The SV40 genome represents a more complete model system for studying 
cellular PNA replication. SV40 encodes only a single replication protein (T 
antigen) and relies predominantly on the host-cell replication machinery; In 
vivo studies have established that many of the details of SV40 DNA replica- 
tion are closely similar to those of cellular DNA replication. Replication 
initiates at a fixed site on the viral genome and proceeds bidirectionally with 
continuous growth of leading strand s 1 aiftl UKcoimuno us growth of lagging 
strands. As in the case of adenovirus, an efficient cell-free replication system 
has been developed for SV40, and dissection of this system has identified 
several cellular replication proteins. A partial understanding of the mech- 
anisms by which these proteins act is beginning to emerge, and it seems 
certain that this will be an area of continued rapid progress. 

In contrast to S V40, herpes simplex virus (HSV) encodes many, if not all. 
of the proteins that are involved in the replication of its genome. Thus, HSV 
DNA replication has been studied by using a combination of genetics and 
biochemistry. The complete set of viral genes necessary for DNA synthesis 
has recently been identified, and the products of many of these genes have 
been purified and partially characterized. Several of these purified proteins 
have functions expected of replication proteins, including a DNA polymerase, 
a helicase, a primase, a single-stranded DNA binding protein, and an origin 
recognition protein. It seems likely that the availability of these purified 
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nroteins will soon lead to the development of an in vitro system capable of 

HSV DNA. Genetic and E£ 
such a system should provide imponant new insights into the molecular 

m •ZttSSSZ HSV S^ples of viruses thermally 
m^rioW b^productive cytocidal infection. In all of these cases, viral DNA 
^Son berios after infection and continues at a high ra« until the 
de P iT^ SceTin contrast, bovine papUlomavirus (BPV) represents an 
^pleX virus that is capable of multiplying as a stable ^ctoomo^ma 
!wJn» lo this case viral DNA replication is controlled so that the numuer 

stances me host is not killed. As in the case of SV40, the BPV genome is 
Svely small and encodes only a small number of proteins involved „ 
SnA SliSn; viral DNA synthesis depends heavily On host-cell replica- 
nt pS S^Se btchemical analysis of BPV DNA replication is ini* 
mfimcy. but genetic analyses have provided evidence for a negate contro 
ys*m ^apparently ensures that each vira! genome is rephc^d ^e and 
only once during each cell cycle. Bovine papillomavirus therefore represents 
Z exceUem rrJel for Uluminating mechanisms involved m regulating DNA 
replication, 

ADENOVIRUS DNA REPLICATION 

Adenovirus DNA replication is better understood than the replication of the 
oSer animal virus genomes because it was the first to be esmWisbed in vitro 
m Although many of the molecular details remain to be worked out, the 
basic feawrS of the adenovirus DNA replication pathway are now reasonably 
eta. and most of the proteins involved in the replication process have teen 
Sentified (2-5). On the basis of the information gathered to date, * » evident 
SaUhe adenoviruses have evolved some very interesting and novel solutions. 
To iie replication problem, including the use of a "protein priming ^mech- 
anism for initiatior. and the diversion of c^ular transenpuon ^c^ to the 
'viral repUcation machinery. It seems certain that further ^locbermcal a^ysis 
of this system will Ulurninate and extend our understanding of DNA replica- 
tion in the context of the animal cell. 
The Adenovirus Chromosome 

The genomes of the human adenoviruses are double-stranded linear DNA 
molecules containing approximately 35,000 base pairs. The 5' terminus of 
each strand of the viral genome is covalendy attached to a virus-encoded 
protein (TP) with a molecular weight of about 55,000 (6, 7). In addmon, the 
nucleotide sequences at the extreme ends of the genome are identical (8, 9). 
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674 CHALLBERG &. KEIXY 

Both of these structural features play important roles in the initiation of viral 
DNA replication. . , 

Numerous in vivo studies have established that adenovirus DNA replication 
takes place in two stages (2-5). In the first stage, DNA synthesis is initiated at 
either terminus of the duple* viral genome by the protein priming mechanism 
(see below). The initiation process results in the establishment of a replication 
fork that moves from one end of the genome to the other. At each replication 
fork only one of the two parental DNA strands serves as a template for DNA 
synthesis. Thus, the products of the first stage of replication are a daughter 
duplex and a displaced single strand. In the second stage of DNA replication, 
the strand complementary to the displaced single strand is synthesized. It 
seems likely that the initial step in this process is the circulanzanon of the 
single-stranded template by annealing of its self-complementary termmi. The 
resulting duplex "panhandle" has the same structure as the terminus of the 
duplex adenovirus genome and is presumably recognized by the same initia- 
tion machinery that operates in the first stage of replication, following a 
second initiation event, complementary strand synthesis proceeds from one 
end of the template to the other, generating a second daughter duplex. In both 
stages of adenovirus DNA replication there is only one priming event per 
nascent daughter strand, so all viral strands are synthesized in a continuous 
fashion from their 5' termini to their 3' termini. 

The adenoviruses encode three proteins mat play central roles in viral DNA 
replication: the terminal protein precursor (pTP), the adenovirus DNA 
polymerase (Ad pol), and the single-stranded DNA binding protein (DBP) 
(10-12). Together these three proteins consume approximately 25% of the 
coding capacity of the viral genome. The mRNAs for all three proteins are 
products of the same viral transcription unit and are produced by differential 
splicing of a common rmyjipnri.03). This genetic organization provides a 
simple mechanism for the coordinate regulation of the levels of replication 
proteins during infection. In addition to the virus-encoded proteins, adenovi- 
rus DNA replication requires the participation of several cellular proie"* 5 - 
Those identified to date include two cellular transcription factors (NF-I/CTF 
and NF-UI/OTF-1) and a cellular topoisomerase activity (14-20). The bio- 
chemical roles of these viral and cellular replication proteins are discussed 
below. 

Initiation of Adenovirus DNA Replication 

the protein priming MODEL Initiation of adenovirus DNA replication 
occurs by a novel mechanism in which the first nucleotide in the new DNA 
chain becomes covalently linked to a virus-encoded protein, the terminal 
protein precursor. This mechanism is unique among the DNA viruses ol 
mammals, but a similar mechanism operates during the replication of ottier 
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chromosomes, for example bacteriophage 029 (21). The protein priming 
model was first proposed following the discovery that the 5 f ends of adenovi- 
rus DNA strands are covalently linked to the 55-kd terminal protein (22), 
Direct biochemical support for the model was obtained by analysis of the 
initiation reaction in the adenovirus cell-free replication system- Initial studies 
demonstrated that the adenovirus terminal protein is synthesized in the form 
of a larger 80-kd precursor (pTP), which is active in initiation (10 f 13, 23, 
24). The pTP is processed by proteolysis to the mature 55-kd form during 
packaging of the viral genome into virions (23). A bene* of isotope transfer 
experiments provided evidence that the critical first step in the replication 
reaction is the formation of an ester bond between the 0-OH of a serine 
residue in the pTP and the a-phosphoryl group of dCMP, the first residue in 
the new DNA chain (10). The nascent strand then grows by extension from 
the 3 1 hydroxyl of the covalently bound dCMP residue (22). The subsequent 
development of a direct assay for the formation of a covalent complex 
between dCMP and the pTP (pTP-dCMP) made it possible to purify the pTP 
in functional form and to define the requirements for the initiation reaction 
(25-28), Work in a number of laboratories has shown that initiation is 
dependent upon the presence of specific nucleotide sequence elements at the 
termini of the viral genome and requires the participation of several viral and 
cellular proteins. 

the adenovirus origin of DNA replication The natural template for 
adenovirus DNA replication in vivo or in vitro is the viral chromosome with 
the covalently attached terminal protein (TP or pTP). However, as first 
demonstrated by Tamanoi <& StiJlman (28), plasmids containing the cloned 
adenovirus terminal sequence will support initiation of DNA replication in 
vitro, provided that the plasmid is cleaved with a restriction enzyme m sudfflT 
way that the adenovirus terminus is located near the end of the resulting linear 
DNA molecule. This observation provided definitive evidence that specific 
nucleotide sequence elements in the viral genome are recognized by the 
initiation machinery. The efficiency of initiation with plasmid templates is 
considerably lower than that observed with adenovirus chromosomes isolated 
from purified virions- Moreover, recent studies have revealed that the protein 
and cofactor requirements for initiation are somewhat different for the two 
templates (29-32). However, analysis of plasmids with deletion and/or base 
substitution mutations has been very useful for defining the nucleotide se- 
quence requirements for initiation. 

Most in vitro studies of the nucleotide sequence requirements for adenovir- 
us DNA replication have been conducted with serotypes 2 or 5. Analysis of a 
large number of deletion and base substitution mutations has revealed that the 
adenovirus origin of DNA replication is complex, containing at least three 
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functionally distinct domains (17, 33-42). Domain A consists of the fjrst 18 
base pairs of the viral genome and representsjhe minimal origin of replica- 
tion. The presence of domain A is absolutely "required for initiation of 
adenovirus DNA replication, but templates containing only domain A initiate 
DNA synthesis at a very low efficiency. All adenovirus serotypes that have 
been examined share a common 10-base-pair sequence, ATAATATACC, 
within this region of the viral genome (34, 43, 44). It has been suggested that 
this conserved motif is important for the binding of rhe^yjni&£jte 
tion proteins xo the origin (32 T 45). Domains B and C. while not absolutely 
required for initiation of adenovirus DNA* replication, contribute significantly 
to the efficiency of the initiation reaction. Domain B consists of the segment 
between nucleotides 19 and 39 (36, 37, 40, 42). As in the case of domain A, 
there is considerable sequence conservation in this region among the various 
adenovirus serotypes. Many (but not all) adenovirus genomes contain a 
version of the consensus sequence TQG(^C)NNNNNGCCAA. As described 
below, this motif ts recognized by a cellular DNA-binding protein, nuclear 
factor f(CTF)(14-l6). The presence of domain B increases the efficiency of 
initiation of adenovirus 5 DNA replication at least 10-fold. Domain C of the 
adenovirus origin includes nucleotides 40 to 51 and contributes an additional 
factor of three to the efficiency of initiation of viral DNA replication in vitro 
(17. 42). The consensus sequence, AT(G/T)N(A/T) A AT , has been identified 
in this region. A second cellular DNA-binding protein* nuclear factor III 
(ORP-C, OTF-I), recognizes this sequence (17-19). The spacing b^wee.nthe 
minimal origin and domain B appear? jo be critical for origin function (41, 
42 ). The insertion or deletion of only a few base pairs between the two 
segments dramatically reduces the efficiency of initiation. This observation 
suggests that the initiation reaction may require relatively short-range in- 
*tSraraonsi>etwcen the protein factors that bind to the various domains of the 
origin. 

Analysis of the replication of deletion mutants in vivo is largely consistent 
with the general picture of the sequence organization of the adenovirus 
genome derived from the in vitro studies (46-51). Both the conserved se- 
quence element in domain A and the nuclear factor I binding site in domain B 
have been shown to be essential for adenovirus 2 (or 5) DNA replication in 
cultured ceils. The stimulatory effect of domain C has not yet been observed 
in vivo. In contrast to most adenovirus serotypes, the replication origin of 
adenovirus type 4 lacks a recognition site for nuclear factor L ft has been 
demonstrated that Ad4 DNA replication, both in vivo and in vitro, requires 
only the terminal 18 base pairs of the genome, which are identical to the 
minimal origin of Ad2 or Ad 5 (49, 52). 

cellular origin- b iNPi ng proteins Nuclear factor 1 (NF-1) was origi- 
nally identified as a cellular factor thai stimulated formation of pTP-dCMP 
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complexes by partially purified viral replication proteins (14)^ The stimula- 
wr^ activity was subsequently purified to near homogeneity by recognition 
site affinity chromatography and shown to consist of a fanuly of polypeptides 
w^m molecular weighs between 52.000 and 66,000 (15). "m^* *>" 
human cDNA clones of NF-1 have been isolated and <^«er.zed &%T* 
clones contain blocks of identical sequence interspersed with blocks of tuffer- 
enHequence, suggesting that the corresponding mRN As 
deferential splicing. Analysis of the open reading frames in the clones 
that each roRNA encodes a distinct protein- Thus differential splic- 
fe£ay account, at least in pan. for the multiplicity of NF-I P^"^*" 
haveteen observed. Although it has been demonstrated that the protein 
products of all three NF-I cDNA clones are active in sDmulatmg aden ovirus 
DNA replication in vitro, it is not yet clear whether all of the NF-I 
Dolvoentides. are functionally equivalent (53). 

& impaction between NF-I and its recognition sequence has been studied 
usmg chemical probes and in vitro mutagenesis (13. 39. 54). Taken toge *er, 
these srudies suggest that the optimal, recogmnojuiue j^sst* J&IiLC synt 

sequence TTC^^ 
a n d DN^ W^SJaior groove, and ne^aJl J»f_Ih 6 .cpn^ are 
^sXlc^^^^^'^ Given the symmetry^ the 
SSTdNA contacts; it sVeras likely that NF-I binds as a duncr. 
^nfieTnuclear factor I stimulate initiation of adenovirus DNA replication 
in vUro at least 30-fold (15. 42). The binding of NF-I to its recognition 
sequence is essential for the stimulatory effect, since base subsnwuon mute^ 
lions in the viral origin that abolish binding greatly reduce the efficiency of 
Stion (18. 36. 37, 39. 40. 42). The precise role of NF-I in the uiimuon 
reaction is not yet clear (see below). 

Nuclear factor III (ORP-C) was identifi e s a , fttmuh^r y fa « or 
recognised the sequence element TATGATAAT within domain C of the 
Svinis 2 origin of replication (17, 18). The factor has been purOled to 
homogeneity by recognition site affinity chromatography and *own to con- 
sistof a 92-kd polypeptide (55). Experiments with various chemical probes 
indicate that the protein makes both major and f»ove con^ts wim the 
DNA and that the contacts are not confined to one side of the helix (56). The 
biding site for-NF-ia is very close to that for NF-l; both proteins ^contact , Oie 
same ATT base pair at position39Jn the adenovirus origin of replicanon (56). 
Despite their proximity? there Vno evidence for cooperatmty » binding ( 8, 
56? Bot* . NF-Und NF-m are required for optimal levels of DNA replication 
uTvitro (17. 18. 55. 56). but the requirement for NF-III in vivo has not yet 

^meSnll^th nuclear factor I and nuclear factor HI also appeal r» 
function as cellular transcription factors. A number of viral and cellular 
promoters contain functionally significant sequence elements that are related 
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io [he NF-I recognition sequence (57-67). A protein factor (CCAAT 
transcription factor or CTF) that recognizes the GCCAAT motif present in 
several such promoters has been purified to homogeneity and shown to he 
capable of stimulating transcription of the human a gJobin gene in vitro and in 
vivo (68), Purified CTF was found to consist of a series of polypeptides with 
molecular weights similar to those previously described for NF-I (15). De- 
tailed comparison of the physical and biochemical properties of CTF with 
those of NF-I demonstrated that the two groups of proteins are indeed 
identical (16). 

The recognition site for nuclear factor HI is similar to the oc tamer sequence 
chat has been implicated in the transcriptional regulation of several genes, 
including the histone H2b, immunoglobulin, and small nuclear RNA (Ul and 
U2) genes (17, 18). Binding srudies have demonstrated that NF-UI binds to 
the promoter/enhancer regions of several such genes (69). A 92-kd protein 
factor (octamer transcription factor or OTF-1) that recognizes the octamer 
sequence in the histone H2b promoter and markedly stimulates H2b transcrip- 
tion in vitro has been purified from HeLa cells (70). The purified OTF-1 
protein is physically and biologically indistinguishable from NF-lII (19). The 
implications of the finding that cellular sequence-specific DNA-binding pro- 
teins can participate in both transcription and DNA replication are not yet 
clear. On the one hand, adenovirus may have simply subverted cellular 
transcriptional factors for its own purposes. On the other hand, there is 
abundant circumstantial evidence for a fundameitfaf'f&kitionship between 
transcription and replication in eukaryotic cells (5, 71-73)) Indeed, several 
examples of transcriptional signals that significanrtj^affect the efficiency of 
DNA replication are documented in other sections of this review. Further 
study of the roles of NF-l and NF-in in adenovirus DNA replication may lead 
tcHsetter understanding of the mechanistic role of transcriptional factors in 
DNA replication. 



requirements for thb INITIATION REACTION Initiation of adenovirus 
DNA replication is assayed in vitro by measuring the formation of a covalent 
complex between dCMP and the 80-kd pTP (25-28), The initiation reaction is 
absolutely dependent upon the presence of a DNA template. The most 
efficient template is the adenovirus chromosome containing the covalently 
attached 55-kd terminal protein, although other DNA molecules, such as 
linear plasmids or single-stranded DNA molecules, will support pTP-dCMP 
complex formation to some extent (see below). With adenovirus chromo- 
somes as template* optimal initiation requires a minimum of four proteins: 
two cellular proteins, NF-l and NF-III (14, 15, 17> 18), and two vims- 
encoded proteins, pTP and the 140-kd adenovirus DNA polymerase (11, 
74-76). The viral proteins copurify through several chromatographic steps, 
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and their sedimentation behavior suggests that they exist in a 1:1 complex 
(11, 74, 75). The complex can be separated into the individual polypeptides 
by glycerol gradient sedimentation in the presence of urea (74, 75, 77). This 
has made it possible to demonstrate the absolute requirement for both the pTP 
and the DNA polymerase in the initiation reaction (74, 75, 77). Initiation also 
requires ATP, which appears to be serving an effector function, since 
nonhydrolyzable analogues also stimulate initiation, and no ATP hydrolysis 
has been detected (32). It has been reported that a third virus-encoded protein, 
the 72-kd single-stranded DNA-binding protein (DBP) (78)» stimulates initia- 
tion several-fold, but the protein is clearly not an essential participant in the 
reaction (18, 32). 

As described above, duplex templates that lack the covalently attached 
terminal protein (e.g. linear plasmids containing the adenovirus origin of 
DNA replication at one terminus) are capable of supporting the initiation 
reaction, albeii at lower efficiency than adenovirus chromosomes. With such 
templates, an additional proiein, factor pL, is required for efficient formation 
of pTP-dCMP complexes (29, 30). Factor pL has been purified to near 
homogeneity and shown to be a 44-kd polypeptide with 51 — » 3' exonuc leas e 
^ctiyity J3p2^ The pL exonuclease appears to activate adenovirus templates 
"that lack the terminal protein by degrading the 5 f end of the DNA strand that 
is normally displaced during adenovirus DNA replication (30, 31). This 
creates a short single-stranded region at the 3 r end of the DNA strand that 
normally serves as the template for adenovirus DNA synthesis. Similar 
partially single-stranded templates, constructed using synthetic oligonucleo- 
tides, support the initiation reaction in the absence of factor pL (31). Thus, the 
presence of a single-stranded region at the 3 1 end of the template strand 
appears to allow the system to bypass the requirement for the 55-kd terminal 
protein on the input DNA. One po ssible interp retation of this result is that the 
55-kd terminal protein attached to adenovirus chromosomes plays some role 
in opening the duplex during the early stages of the initiation process (see 
below). Except for the requirement for factor pL, the protein requirements for 
initiation on partially single-stranded templates are the same as those for 
adenovirus chromosomes (32). However, ATP is no longer required (32). 

Single-stranded DNA molecules will also support formation of pTP-dCMP 
complexes in vitro (28, 29, 33, 35, 79). The sequence requirements for 
initiation with single-stranded templates appear to be so mewhat less string ent 
than with adenovirus chromosomes or plasmid PNAs (35). A large number of 
single-stranded DNA molecules, including tho se lacking the specific adenq- 
.YlQ£.9f!lL^i£9^ Served to support gTP^CMP complex 

,fgnnati£B-4V4t^^ gfefficiency. However, it has been repor ted 

that an oligonu cleotide containing the templa te stra nd of the adenovirus origin 
is 5-20 times as acfiveln initiation as other sing!e : siwntfedT^^^ 
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(32, 80). With single-stranded DNA templates, initiation is dependent on the 
virus-encoded replication proteins, but is not dependent on NF-I or NF-III 
(32). Both ATP and the adenovirus DBP are inhibitory. * ' 

mechanism of initiation The precise order of events during initiation of 
adenovirus DNA replication is not yet clear. The finding that single-stranded 
or partially single-stranded templates can support pTP-dCMP complex forma- 
tion suggests that initiation is a two-step process (Figure 1). In the first step, 
the terminal region of the viral genome is unwound, exposing a short single- 
stranded region. In the second step, a dCMP residue is covalemly linked to 
the pTP. Elucidation of the protein requirements for localized unwinding at 
the adenovirus origin must await the development of a direct unwinding 
assay. Hnwrvrr, rim n w fli1ab|e datasufpest that the 55-kd terminal protein 
attached ^the te mplate DNA ina^lay a role in unwind ing, since the 
requirement lor the terminal proteid IS obviated by presence of a single- 
stranded region at the end of rhe template. It is also possible that NF-I, NF-1H, 
pTP, or the adenovirus polymerase participate in strand opening within the 
origin. The binding of the pTP and adenovirus DNA polymerase to the 
template strand of the origin presumably takes place following (or perhaps 
during) the unwinding reaction. There is some evidence that the complex of 
pTP and Ad polymerase may interact with sequence elements in the origin, 
but these interactions must be of relatively low specificity. It is possible that 
one role of NF-I and NF-III is to facilitate the binding or positioning of the 
pTP and adenovirus DNA polymerase on the DNA template. The final step in 
initiation, the formation of the covalent pTP-dCMP complex, probably occurs 
once the pTP-Ad pol complex is correctly positioned on die exposed template 
strand. Although both the pTP and the adenovirus DNA polymerase are 
required for the initiation reaction, an important unresolved question is 
whether the adenovirus DNA polymerase catalyzes the transfer of dCMP to 
the pTP or whether this is an autocatalytic process. 

Elongation of Nascent DNA Chains 

The synthesis of fulMength adenovirus DNA strands in vitro requires the 
pTP, the Ad DNA polymerase, the Ad DBP, and nuclear factors WH. At 
present there is good evidence that three of these proteins (Ad DNA 
polymerase, Ad DBP, and nuclear factor II) are directly involved in chain 
elongation (20, 81 , 82). Although there is no direct evidence for the involve- 
ment of the other adenovirus replication proteins in elongation, this possibility 
cannot be completely ruled out. The adenovirus DNA polymerase is a 140-kd 
protein with physical and biochemical properties distinct from the other 
known eukaryotic DNA polymerases (1 1 , 74, 81 , 82). The enzyme is capable 
of utilizing a variety of deoxy ribpnucleoUde homopplymq- te^jate-primers , 
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Figure I Diagrammatic representation of the initiaiion of adenovirus DNA replication. See text 
for details. Abbreviations used: I, nuclear racior 1; III, nuclear factor HI; TP, terminal protein; 
pTP t preterminal protein; POL, adenovirus DNA polymerase. 

but is relatively inactive with RNA primers (8 2). Polymerase activity is 
inhibited by dideoxynucleorides and is resistant to aphidicolin. The purified 
polymerase contains an intrinsic 3'-*5' exonuclease activity that is specific, 
for single-stranded DNA and probably serves a proofreading function during , 
polymerization (82). The Ad DBP is a 59-kd phosphoprotejn that migrates in , 
SDS-polyacrylarqide gels with an apparent molecular weight of 72>000 (12, 
83). The DBP binds tightly and cooperatively to single-stranded DNA in 
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sequence-independent fashion (12, 83-87). At saturation approximately one 
molecule of DBP is bound for every seven nucleotides (85). With poly(dT) as 
template and oligo(dA) as primer the DBP stimulates DNA synthesis by the 
Ad DNA polymerase as much as 100-fold (82). The stimulatory effect is quite 
specific, since the Escherichia coli SSB has no effect on Ad DNA polymerase 
activity and the Ad DBP does not stimulate the activity of other DNA 
polymerases such as HeLa DNA polymerase a. Based upon these and other 
results (81, 82), it seems likely that there is a highly specific intera ction 
between the DBP and the Ad DN A pnl Y ™ft]-asr *frat increases the efticiencv oi 
polymerization; however, a stable complex of the two proteins has not yet 
been detected. In the presence of the DBP, the Ad polymerase is a highly 
processive enzyme, capable of synthesizing DNA chains at least 30,000 
nucleotides in length from a single primer terminus (82). Moreover, under 
these conditions the polymerase appears to be able to translocate through long 
stretches of duplex DNA (81), Thus, it is possible that fork movement during 
adenovirus DNA replication does not require a separate helicase activity. 
Rather, unwinding of the parental strands may be mediated solely by the Ad 
DNA polymerase and DBP, and the energy required for unwinding may be 
provided by the hydrolysis of deoxynucleoside triphosphates. This possibility 
is consistent with the observation that little, if any, ATP hydrolysis occurs 
during adenovirus DNA replication in vitro (81). 

In the presence of the pTP, the adenovirus DNA polymerase, the DBP and 
NF-I nascent adenovirus DNA chains are elongated to only about 25% of full 
length (20). Synthesis of complete adenovirus DNA strands requires an 
additional cellular protein, nuclear factor II (20). Nuclear factor II from HeLa 
cells has a native molecular weight of approximately 30,000 and copurifies 
with a DNA topoisomerase activity. Human or calf thymus topoi somerage 1 
(but not E- coli topoisomerase I) will substitute for nuclear factor li SlHe 
adenovirus DNA replication reaction. The precise function of nuclear factor II 
in adenovirus DNA chain elongation is not yet clear- Since the protein has no 
significant effect on the synthesis of nascent strands up to 9 kb in length, it is 
presumably required to overcome the inhibitory effects of some DNA struc- 
ture that appears only after extensive DNA synthesis. 

SV40 DNA REPLICATION 

SV40 has proven to be an excellent model system for studying the mech- 
anisms of cellular DNA replication (88^91), The viral genome consists of a 
circular duplex DNA molecule of about 5000 base paire and contains one 
origin of DNA replication. SV40 DNA replication lakes place in the nucleus 
of the host cell where the viral genome is complexed with bistones to form a 
nucleoprotein structure (minichromosome) indistinguishable from cellular 
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chromatin. Since SV40 encodes only a single replication protein (T antigen), 
the virus makes extensive use of the cellular replication machinery. As a 
result there are many similarities between viral and cellular DNA replication. 
In both cases initiation of DNA synthesis results in the establishment of two 
replication forks that move in opposite directions. At each fork one of the two 
nascent srrands (the leading strand) grows continuously, while the other 
strand (the lagging strand) grows discontinuously by joining together small 
(ca. 200 bp) segments of DNA that are independently initiated with RNA 
primers. Completion of replication occurs when two oppositely moving forks 
meet. In linear cellular chromosomes -the two merging forks originate from 
adjacent origins, while in circular SV40 chromosomes they have a single 
origin. 

Much has been learned about SV40 DNA replicarion &om in vivo studies 
(see reviews in Refs. 88-91). However, the recent development of an effi- 
cient cell-free replication system has greatly accelerated progress in un- 
derstanding the molecular mechanisms involved (92). An important dividend 
of the dissection of the cell-free system has been the identification and 
functional characterization of components of the cellular replication appara- 
tus. Thus, this review focuses on in vitro studies. 

Initiation of SV40 DNA Replication 

the origin of dna REPucATiON The SV40 origin of replication is a 
64-base-pair segment of the viral genome that contains all of the nucleotide 
sequence elements that are required for initiation of viral DNA replication in 
vitro and in vivo (93-106). Careful genetic analysis of base substitution 
mutations has revealed that the origin is complex, consisting of at least three 
functionally distinct sequence domains (10+-106), At the center of the origin 
-r-^^^rsiTTftr'^ °f a pentomeric sequence motif (GAGGQ organized as an 
inverted repeat. This sequence element is recognized by the viral initiation 
protein, T antigen (101 » 106-120)- On one side of the T antigen-binding site 
is a 17-base-pair segment containing AJT base pairs (105), It is suspected that 
this is the initial site of strand opening during initiation of SV40 DNA 
replicarion. On the other side of the T antigen-binding site is a 15-base-pair 
imperfect palindrome of unknown function. All three sequence domains of 
the origin are required for SV40 DNA replication, and there is some evidence 
that the spacing between them is critical for origin function (104). 

Although the 65-base-pair core origin region is sufficient to support the 
initiation of S V40 DNA replication, sequences outside of the core can signifi- 
cantly influence the efficiency of initiation. A second T antigen-binding site 
located atjjacent to the core origin increases replication efficiency several-fold 
both in vivo and in vitro (97 T 101-103, 121 , 122). Of even greater importance 
are elements previously associated with ihe activation of SV40 transcription, 
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Tha Inactivity of Adenovirus 5 DNA-Proteln Complex 
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A&m*tw* « DNA-pp**m complex *wi pwjwwi by treating virion* with 4 flf 
guontdinium chloride and reqoMng the farer wM in w nnn g viral UNA &um raJ*aa*i 
capRid protein. Tluwfi ttrtpl&scB wnro shoractexiwd by twtfe gel clectroplfURttftii ana 
dtoccran aUcrwonY* Alter diaiyaU into Mlina bufto, agnrui&atsly opM-half of tHo viral 
ONA-pm** opmplpx wag eagrtgftlao: by awwetauim *t iW tamlni into mfersMtianf 
other Own U&mt awnomar length dupta mojecutei. Howwir. the manoaw lentfb 
linear roaleeuj* in th* vw-a! WtfA-p**<iin aompU* wmpto #Uo bave protein itUcM to 
bwtb grt)|«ii' t«npU& TtoMc UDMV mnlyylnt mm tfiolfl&int to flgaHttftfl by B preilMftJVfl 
macaco, odenoiirv: CnpAxphacwdspGivieTU cftnOTtoaeafease. that reOUlMe ft fx»e tef» 
nnnUA Ibr *aWity, while PwmM*-6nwtnd fcOentrrirua Dff A to *uw?Ubl» to di£0ffUMi> 
ttfttf the TMtriction imfa^*!"" 1 dwnwgn i^iMMi firm both **4» of the virdl D*9A- 

prntoia «*ftsb* migrate as in eaomeloui ram timing iiiermpeciwlt In nn mgwam 
Ai the iafeusiTity of A4S SNA » ciceptitmally law, the inactivity of tfoo PNA~nrotme 
cctbdUj* was teftt«) Uiiby tfxc aaUiro t*ztoi<|ue Ibr tcwfretai*, sglaency nf 
trenjfeeami witti toe Mo ONA-nroteia complin is about llKMaU higher (ban teat of 
rVonwta*»t*d AM PttA. 



DlTKOOtJCTJON 

Ifce study of the biochexatary of ihe ada- 
oovirue genaxue beana with the etfbrta of 
Green and hia co-woxWa itt tbn early 
1960s (QtwA, 1970), Adenovirus DNA, ex- 
tracted by disruption of virwpa by deter- 
gent and digestion with Frame*, was 
c&arai^rised a* a duplex molecule with a 
sedimentation velocity coefficient of 31 S 
which could to* denatured vo give intact 
complementary single atrani£s> Later, with 
the advent of trtrtmiqnnfl to visualise du- 
ple* DNA, the length of the linear duplex 
ONA genome ww TOcneured directly, 
yielding a molecular weight of 23 x 10 s 
dahons (Gfeen et ol u 1967). When eophia- 
ticated technique &r the viaualization of 
ewglo^fltnuui ONA to the electron micro- 
f¥T> pC became aTollahla^ dmaturad adeno- 
virus DNA wee seen to {bona aiusto-atrand 
circles (Gomn «f a?,, 1972; Woifeon and 

1 Author to whom xyprttK rvqnofla AtUUM OB 



Drosaler, 1872). Near the terioinue of each 
strand waa a aoguence of baaea between 70 
and 140 baaed long that Waa gamplamen- 
texy to eequenoea aAacent to the other 
terminue (Bobarta 1B74); The elngle- 
strand circlep ware formed by the aoneal- 
ina of tbcaa hnxnologotia regiann. 

The structure of the Temini of the viral 
genome became more novel when Sobi*- 
eon^oi, report^ that if adenovuuB 
DNA waa releaaod from viriana by treat- 
meat with 4 it guanidiniuin daloride and 
tea extended duplex DKA waa viaualbed 
in the electron microscopo, th« termini of a 
large faction of the unit length DNA ware 
aggregated. The association of the termini 
of one molecule resulted in & circle; tha 
aaaodatiQn of a circle with the terminus of 
a linear molecule formed a lariat struc- 
ture; the association of fbur termini of two 
duplex yielded either a diner length circle 
or fig* 0 * 8< All of tfeeee structures, aa wall 
na many mora complex forma, were ob- 
served (Robinaon et ah, 1973). Traatmant 
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ADENQviaua DNA- 

of samplea of viral DNA with Prcueae b«- 
tbre mourning far vi auateatiQn In the elec* 
tnra micrnflcope eliminated all the eompli- 
oated structures and only linear DNA was 
Qpaerved. Robinson et al. (1978) proposed 
that a virion protein, firmly attached at 
the termini of the DNA, was responsible 
for the intra- ami mtemnlecolar eaaocia- 
tion. 

The phenomenon of tronefectian occurs 
with about the eatue e ffici e n cy in mamma- 
lian cells ae it doea in bacteria* For exam- 
ple, eaveral protocol* give on efficiency of 
10° PFU//*g when SV40 UNA in need to 
tranefeet monkay cella in culture (Pagano 
es a/., 1867; Graham and Van dar Eh, 197E 
a,h). Similarly. Herpae oinmlax DNA. ap- 
prosunately ao timed larger than SV40 # 
haa an efficiency of infectivity of 1000 
PPU/mk (Graham $toi., 1979; Qheldricfcef 
a/., 1B73>. In annparieou with these efi> 
cienaiea of transection by other viral 
DNAe, adenovirus DNA haa low inactiv- 
ity, The highest reported etReiBncy of in- 
flation h adenovirua DNA id 20 PFU//4.g 
or npnroxin>ataly iO~* that expected from 
the QVio DNA efficiency (Graham and 
Von dor Eb, l&73o,fa). Thta low inactivity 
of adenovirue DNA suggest* that viral 
DNA alone ie not (sufficient for i n i t ia t ing 
cne lytic cycle. Thus, one or more virion 
protein* might be neeepsary to cincieutiy 
commence infection.. These proteins could 
git in a general role, for example, by alter- 
ins the physiology of the cell , or in a mote 
specific feehion by interacting with the 
viral DNA to alter ita expression or stabil- 
ity following infection. With thia in mind, 
we have nrepwed adenovirus 5 (Ado) 
DNA^protein completes using a alight 
modification of the protocol of jSobinaon et 
al. and tested ita afiBciency of tron*- 
fecdon. In addition, a preliminary charac- 
terization of Borne of the propsrtiee of this 
AdS DNA-protein complex if* tenoned. 

MATERIALS AND METHODS 

Cells HeLa cello wore grown either in 
guflpensian cultures containing minimal 
eeaentie) medium (Joklik modified), pur- 
chased from GIBCO and supplemented 
wtth 6% home serum, or in monolayer (ob- 
tained from J. F. William*) cultures con- 
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taining Dulbaoeo'a modification of Kaglo'a 
medium (D medium) BuppUmented with 
10% calf serum {Dulbeoco and Freeman, 
195ft), 

Virutwt. Adenovirua 5 eedd eloch was 
obtained from J. F. Williams and new eeed 
fltoofcs were prepared by propagation in 
duspanaiim HeLa cella (Potteansaon et a/.. 
1967). Viruo titers wore determined by 
plaque ftnnation on monolayer Hel-a celle 
CWilliama, 1970), »P-labeled Ado waepre- 
poxed by the addition of a mCi of H»«P04 
to 600 ml of 5 x 10* cella/ml immediately 
after infection. These oeito were grown in 
phottphate-froo medium supplemented 
with 2* horse eerum and viruo wae har- 
vetted 48 hr after iiiforMmi AdS viruo was 
purified by the method of Green and Pine 
(1963) a» modified by Lonberg-Hmm and 
FoiUnwm (1899). 

DNA. AdS DNA was released from viri- 
ona in 0.01 M Trie, pH 7.9, and d.01 M 
EDTA, pH 7.9, by digestion with 20 Mg/ml 
of Pronaae in ttoe preeencB of 0.5% SDS tor 
0.6 br at 37°. Following digestion, the sam- 
ple woo o4jueted to 0,1 M NaCl and tat- 
tracttid twice with Phenol saturated with 
1.0 M Trie, pR To remove the remoin* 
ing phoool, the SNA eamplea were di- 
elyzed as 4T againat three change* of bunker 
of 0-02 M Triav »H o-S. and 0.002 M EDTA f 
pH 8.6* The UNA concentration waa deter- 
mined from the optical denrnty et 260 nm 
nneuming 1 OD unit ia equivalent to 50 Ml 
ml. 

Q*l elevtrophareai*. Agaree* gela were 
prepared end run ae described by Sharp tt 
al. (187S) except: that the electrophoresis 
buffer waa modified to 0,0* M Tris, 0.06 M 
NaC^Qu. 0.001 M KDTA. pH 9.3. All gela 
were ateinod by immaraion in the electro- 
phoresis bu&r c on ta tning 0.6 $igtred of 
cthidium bromide! and the fluorescence of 
the bound dye wae photographed aa de- 
scribed in Sharp et al. 11073). Gote contain- 
ing to P-labeled DNA ware sliced into 1-mm 
bbtUodB and CarenkoV radiation waa 
counted in a acintilLation counter. 

fifwmea. gndonnrlneee JEco Kl waa pre- 
pared from £. cali acrain RY-13 (Yoahi- 
men. 1971) ae described by QalUmore et al. 
C197i}. rVonaae wae muxhaaed from Celbi- 
ochem end diaaolved in Q.01 M Trip, pf£ 
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7-9. 0.01 Af KPTA, pH 7,9, to moke a 20- 
mg/ml stock solution. Hug tfdutian was 
eutudtgastad for 3 hr at 37". 

TrarUfectwn- The protocols for tronefee- 
Uon uoiug DEAE-DaTtrau of CCafclPa,), 
are slight adaptations ofthoae of Paganocf 
oj. (I9ff7) and Graham and Van der Eb 
(1973a,W, respectively. More esplidtly, for 
both procedure^, monolayer cells were sua* 
ponded by trypsin digestion and diluted to 
10* cells per 6-cm-diameter dish 24 hr be- 
fore ttanafection. Aftar trana&otion. calls 
were maintained at either 37° ftr 10 days 
or 3d. 6° far 7 day* before (staining with 
neutral red (Williams, 1970). The mono- 
layers wot overlayed with 6 ml of fcaeh 
madurai cr rot nioing Wfo serum and 0.65% 
*0or ovray 4 or O day* »* 3o.a or 37", respec- 
tively. 

To tronafoct with DEAE4)ex*reuj the 
medium woa aspirated tram the monolay* 
ere and oeUa were washed twice with 2 ml 
of Tria4)ufiered aalin© (0 05 Af Trie. pH 
7.4, and 0. 1 Af NaCD. Oxuvhalf milliliter of 
a solution of BOO n&w\ of D£A&D**tran 
(Pharmacia. MW % x xn and viral t^A 
in Tria-bu&red aoUue was layered onto 
the monolayer and incubated far $0 *nin at 
*oom temperature.. After incubation, the 
monolay era were washed twice with 2 ml 
of Tria-bu£sred saline end overlaid with 6 
ml of 0-36% agar containing Dolbocco'e 
modified medium and 2% serum. 

For tranefeccioXL with CCa^CPO^ me- 
dium wee removed torn the monolayer 
and 0-6 ml of a solution containing viral 
DNA* 12 of ealnum ejwrm DNA. 0.136 
24 CaCl a in Hepes-bufibred wuine (8.0 gf 
liter of NoCl, 0,37 g/liter of KCL, Q.126 gf 
liter of Na^jro^-aftaO, 1.0 g/Uter of dox- 
troee, ft-0 g/tite* cfi^-24iydto<yethylpiper- 
azme-W f -2-«thaneiulfonic arid, final pH 
7.06} waft added. Alter incubation fox 20 
znin at room temperature, 5 ml of condi- 
tioned medium (that originally collected 
from the dish) was added to the diah and 
tbia wae incubated at 37° in a CQ* iacuba- 
wr for 4 br. After 4 hr, the medium was 
removed and replaced with 5 ml of 0,66* 
agar in Dulbecco's modified medium with 

glectron microscopy* PNA we6 pre* 
pared fbr observation in the electron mi- 
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croecope (Philips 201) by the aimeona tech- 
nique of Davie cr al. (1871). DQSfA mole- 
cufea were photographed with 33 mm film, 
enlarged approximately MHEbJd, and 
printed. The length distrilnttUm of DNA 
wae determined by measuring prints with 
a numonice measuring devise. 

nneutTs 

To prepare Ad5 DNA~pro$ein complexes 
alto use hr cranafecua^ we avoided treating 
virion* with chemical agent* that might 
irreversibly denature proteine. The proce- 
dure described by Robinson eroj. (1973) for 
the isolation of the Ado DNA~proteiu com- 
plex involved extracting the disrupted vir- 
ions with chloroform iaoamyl alcoholi This 
9tetp can be avoided by reaolvuw the virion 
preiein from viral DNA by sedimentation 
in a sucrose gradient containing 4 M gua- 
mdinium chloride. AdS virions were there- 
fore prepared from infected cells by Stan- 
dard procedures mcludiog two eedimtmta- 
tion equilibrium bandinga in OeCl gra- 
dients. Purified viruo wan dialyzod into 
low salt buffer and diluted with an equal 
volume of BM guanidinium chloride. After 
a 5-min incubation on ice. the mixture was 
layered onto a continuous gradient of 6- 
30% eucroao oIbd rontafnlng 4 M guanidii^ 
ium chloride and sedimented tbr 17 hr at 
4°- An example of oach e gradient i* ohowu 
inPigr 1. Two peaks are received when the 
greeUent ie «Banned for optical daueity at 
260 urn and some abBormng material re- 
maina at The top of the gradient. The fester 
aedimenttngpeak haa a ratio of absorption 
at 200 nm/260 urn ol'ahout 1.75 while for 
the second peak this ratio ia laaa than 0.8, 
Pronaao4ieeated and phenol-extracted 
^labeled Ad£ DNA eggedimnntq with the 
fastest sedmenting OD peak, conoiatcnt 
with this being linear viral DNA. The 
slower eedimenting peak eontaina capeid 
proveins. 

He cosedisnentation of viral DNA from 
viriona disrupted with 4 M guanidinium 
chloride and linear **F-labuled marker 
DNA suggested that this confitrmation of 
the former was linear. Circular vira] DNA 
would be f9#poeted to sodiment 10% foster 
than the linear marker (Hejihey et *L t 
19S0). Whim an aliquot of this fraction woe 
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diluted end immediately prepared for e*- 
axninatien in th£ elaetrufi microscope, ap- 
proximately 98% Of tha DNA was wea as 
intact linear duplex DNA; the remaining 




r>o. 1. SolimantatUui of A4£ ptf A-pm»i» 
pi** and "^-labeled viral JWtA- A<W virJww two- 
p**ed « dcqsriW MAdsqr MwOwdu mi Material* 
were <*ely*»d Afiiaat 0.01 *f TWfl, O.OU 9f EDTA. 
pH 7-3, Virus CQ,1S ml; —1 OD<*a units afviniij) and 6 
m ffuwikJuuwn olOorid* [O.lfi ml) wo*b mixed end 
Udt at * a &r 6 "rMabeled A45 UNA top art I * 
20' cpra/ uwv *A4*d nn4 th< iolutifin **« leytrtd 
voto m 02-rol gradient (8W41) of 6-50* sucnw* «m» 
tatotoa a iwkai censMttreHDa of * V guenidtnuua 
chlorti and 0.01 Jtf THb. O.OOl Jtf BPTA, f>8 7-9, 
After cemrifrffetten fbr IB hr « r and 30,000 
fchp gradient wra coUacwd t» 0.*-mJ ffcactjuw. The 
abwptuR, «t wwh taction as M0 am endOwCerea- 
kov count* of 90 of *a*H fraction were determined. 



4% woo circular. However, when the fr&e* 
tiona attaining viral DNA in Fig. i ware 
pooled, dialed agoixut Oa Af NftCJ, D.01 
M Trie, pH 7.9 and 0,00* Af EDTA and 
then mounted for visualise tiw in the elec- 
tron. microQcopor over of che viral 
UNA was circular or in more complicated 
configuration*. AU of the configuration* 
eeea are canaistant with the Widing or 
aggregation ofproteina atteehed to the ter- 
mini of the viral DNA (Table 1)- Franase 
digwtjon of the*© oomph* resulted in lin- 
ear duplex DNA* 

In an attempt to fractionate the various 
sample* forms from one another, an ali» 
quot of the dialyzed protein-DNA complex 
waa layered onto a 1„4# agarose gel and 
e3aetraphcft«eio waa carried out Jbr 8 hr. Ae 
shown in Fig, 2, while viral DNA prepared 
by Frooaae digestion readily enters the gel 
during eteetnphoraeip. th* PNA-protein 
complex in almost quantitatively ratained 
on the surface of the gal. If the proxein- 
PNA complex is cleaved by a restriction 
endonudeaae, both terminal fragment* 
ar* retained at the ourfhee of the gel while 
all internal fragments migrate into the gel 
at a rate expected from their molecular 
Wtiighta (see below). Digestion of either 
intact DNA-protein cojnple*&B or reetric- 
Son endenueleaae cleavage product* of 
them with fVonaae eliminates the anoma- 
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Dunqmmw e» &t*pbtuw w Mt DNA^Peorrar Epistles* 



Structures 



Mpmen&r 



CJrdK 



Umm\ More 

— complim 

Dimer cir- fattCM 

W 



Number 

Ccm) 
Mes9 B 
PferBew- 

&ge by 



a* 

24-2 * 1.0 
30 



0 

a 

13 



47 6 * 1,3 44,5 * &.] 4ft,0 * &8 



10 
IS 



0 



4 



1 

3 
9 



14 

21 



if NHtCAOi and maunuM 6ir alocuoa mlcraaeopy en ducHbcd uMar Mathodd And Material*- Ty^oai 
ansoQ of a grid ^hotngrapbed aad printed. All tfcructurea obMtvnd on cba prinu w«r» dju«ifi«d And 
wMttrfrd* 1 lenat w e areolar DNA m6UcuW wltb a Ubm&t a«gtn»it prpjpniii^ nun ono poinc oil vb« 
cjrcixm jbmacy of the circle 

9 Opa un4t *■ «qua| C« lwmpm«r loe^U Ad6 ON A* 
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F». 2. Gel elrcnopfeprogie of Ado" DNA-pxofcem 
cample*. AdO DJfA-pJWOni onmplecu paalna fron 
gHidfenhi M nfcowix uk Pig. I wn dlelpwd IgMift 
Q.1 *Y NeCl, o.Ol *f THv, 0,001 AT GOTA, pH r». 
Ope-TOtl* OtfCTOfrem of the Ad5 BtfA-j*atei» c«fe*- 
plos vu netp of two 100*|U reecaee sbuhm 

of 0,01 Jf Trim 0.001 M SOTAf pH 7.9* To mm r«w»ts- 
tton mix, 10 jtg of Pfcunede wu added (tag both wore 
laewbattirt at ar tor 10 grin. After meubeUoa, both 
reaction miqton were lojwnd onto 1.4% egerose golv 
end a poUnt4*l gradient »tWV wee opptf ed for U 
hr- FoUowmn taectropboxeffb. th» gut* w*r* Btein«i 
cith 0.0 jAg/to) of ■thldium bromide and nheto* 
graphed- Only tfr? top t&rt of th* g^ic U ehown; 
however, no Addition «J b*o4o were obiarv«d. The 
bond af PKA gel (hi csgugTB$ai witJi upit length 
Adff PNA- Oel (a) U tiha Ado* DNA-tottpleX end go] 
(h> ie thu Ads PiH*-<nmplq» digvatad with ProaftA»» 

laufi retention at the eur&ce of the tfuL . 
Therefore we conclude that although 95% 
of the trotein-DNA complex fraction, did 
not fmu arouter or complex configure- 
tieno (Tabic 1) after dialysie, most of the 
DNA «a the eaznple contained protein at- 
tached to at least one teraiaue. 

In ardor to characterise Author the Ad5 
DNA^ptTDteio cawple*, ^-labeled virions 
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Pie* 8. fWHtnnnvaiinn or *F-]&taftltd Ado DNA- 

pratei* compter fc* 4 W ^fijxVMrtjwm chtonOO gT*' 
dlenU, U) n F-]»h«l*dA45 vim* pmw^d with a 
Eioedlto nmvtiy of 5 x ip« cpm/jig. *F-Ubeled titaI 
DNA (0 x io 1 cpm) or 0.2 m\ of viruo wee nteed wife 

en equal voluBMs of B J4 gw wflfdiwil i gi cfalorS^ Mid 

cfmErtftyfad m en SW41 tfodlant e* doicribod t» Fig, 
1. Tfc» gradient wee cebtrifu^ed far 0.S hs- at 99,000 
rpm one 0.4-m) frnctioot ww? coljBcfed. b) Feefc 
faction, No- 14, of fb* prodieat show** m (a) *w 
cglused W o,o ml of wetar And layered directly 
onto * duptfcate 5-20% •ucntfc gradient coatalaioy 4 

eft,oqo rpm end 0-4^1 tk«cUono wore collected, (c) 
Tbo oejaceav ^e^ticma Uroro' t?ie groOicsc alunvp in 
ph04l A wvl aiBUlmr ffcectject* er^ao a 4»|tli£»CB 0TO» 
dieat run Id perelUK wor^ pooled u*4 <Kelyied 
agotofet 0*1 *f NeQ. a.m Jtf me. o.ooj. m £DTa. pH 
7.a. On*-hMf miUiliw of th» d)a}y^e4 sample wes 
evtxed vdth 0-5 ml or 4 tfUraidiaiui* cblondo end 
wdUoensfld for e br at 3d,000 rpm onto a 6-20% 
murtaa ^rwtioob «an«eiiai]ff « 4f ffUezudlalum cwo- 
ride; O.S-ixjl frMceuma mere «Q«cS*d and OontckoY 
OOtaftad. 
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were prepared, disrupted with 4 ftf guani- 
dinium chloride, ana sed&nented through 
a 6-20% sucrose gradient a* deecribednre* 
vlouely. A single peak of labeled DNA 
was ob&arved at a peeition expected for 
linear DNA (Fig. 3a). To roeoive viral 
DNA further from free protein, the peek 
fraction of this gradient (fraction 14) was 
diluted with bums' and eedunented inte a 
eecoed identical gradient (Fig. 3b). The 
remaining fractions of the first gradient 
(Ad5 complex 0 end the pooled fractions of 
the reeedfancnted "F-labelod DNA CAd5 
complex ID were dialyzed »t 4 P urainet 
getine butfw (0,1 M NaCl, 0.01 MTris. 
0 001 *f KDTA, pH 7,9). Those dialled 
samplea will be referred to aa AdS complc* 
t and Ad6 complex U, re&pootJiveJy. When 
the configuration of viral DNA in both 
preparation* was soared after mounting 
for the electron microscope, the proportion 
of circular and more eoxupUeatad forme 
was very similar (Table 2). In tbaae earn* 
plee approximately 50% of the viral DNA 
moleculea were linear duptexea and the 
ratio of linen: to circular forme wee op- 
proxinaataly 3. In contrast, when material 



from the peak fraction of the first gradient 
was mounted directly by dilution from the 
4 Jtf ffuarddiniurn chloride eucreae Solu- 
tion. 89% ef the DNA waa linear duplex 
end the ratio of linear to circular forme 
waa £0 (Table 2, AdS fraction 14). Hence, 
the viral DNA-protatn complex ia linear 
when released from the virion* by treats 
meat with 4 it guanidiniiun chloride and 
the circular and more complicated oenfigu- 
rationfi farm during dialyaia iato*a sahne 
solution. This association of protein at the 
termini of the viral DNA u> not eimply 
ravarslble, *» diluting the AdS complex 1 
into 4 M guanidintom chloride and then 
mounting it for obearvation witfc the dec- 
fcron microscope did not change the ratio of 
linear to circular forma (Table 2). In addi- 
tion, vrtusn en aliquot of tfce ^-labeled 
AdS complex I wua mixed vriA an equal 
volume of 8 M euanidinium chloride and 
then aeeiinentee. through a 5-20% pucruw 
gradient containing 4 M guanidiniutn 
cbloride. eppmcimately PQ% of th» **P-la* 
baled DNA aedinrontaa fester than mon- 
omer length linear DNA (Fig. 8c). ThUD k 
the association of the protein at the te*~ 
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Preparation 


Moonowr 




OUga 


row 










8 unto 


units 


Ofeftr 


A4S anoplo*! 


W 


K 


R 


1) 


4 


a 




14.4% 










Adfi csotnnloxU 


69 


Si 


10 


li 




i 


01.0% 


13. B* 




2Q.0% 






Ad* (freed** li) 


180 


a 


4 








09.0* 












Add oocipU* I 


121 


as 




ND 


NO 




78.0* 


*a.o* 






mi 






98 


91 


JOT 






nWlaium chloride! 


75.6* 


24.4«* 











* *P-Ub«i«d A46 X>NA-7Eocoin wctna greparwl u shown lo rt&. a «ad <tialywd iffdatft eedina 

huflbr- Aliquot* of tb™* awnplwj wave $)utn4 10-fol4 *nd tpououd fbr electron microscopy aa aj*wrjq*i 
aooW Mettradfl tuO Malarial*, ia til e**at. th* nlMdfiflorlqn of 4ifFar*»t atrvefewo wtui doov fey ooorsng 
while viewing fta aaavple in the electron micnacapft* A45 cfeactioa uy a* »iiquBt pT frwrtiou 14 of the 
griuiiant nhonm in Fig. a» waa dUw^od 1/10 4iiwdy fkom the #r«UenC ftftddan oonlwiung 4 M gaaiudioium 
^Utfflde eed IOWi«iU«t6ly tnouB^Ad e^ olactMo mtaMea$?- Aa5 A paokpittxX t* 44 ynnowras mn culonoej: 
An nhqual of A46 PNA <^0ZU^«s ^ wm micfd with «n aqu>l vbIvim of 8 U vuaAldioinm vblarida 
tnKiabMa4 ibv 10 mw «t room tofopemurc TW« mmpU was vhoa mnuntea in ft feabion identical to AdB 
(fr«fitMm U). TUe umW fxMfArmtion of AdS complex 1 wm taouatod AB idcnuuU <Muon but wttfctut 
4UutUm wfro 6 H giumiciliuutn ch)0TvH. Ot4y th» autntar of limoar circular rnnonmrr leogrti ipotocuto 
wero ocamd ixx both of th««a proparetlMU' 
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mini of the Ad5 complex during dialysis 
into a valine buffer ia not readily roverai* 
Wa. 

Although approximately &Q% of the 
DNA ia AdS complex I remained linear 
after di&lyaia, over 8fl% of the ^labeled 
viral DKAww re ta i ned at the surface of a 
l.4%awjmgfti. AaFrenaae-digBatad 1 Ad6 
complex I quantitatively entered the gel. 
the retention at the gel surface must be 
due to the presence of protein aaeocfafrffd 
with the iP-labeled DNA. Similar nvulta 
were obtained with the Ad6 complex 0 
sample that had bean twice aodiimentad 
through ffr ft 4 V jpin^Mfainro abloride au- 
otpb gradients. To ehow that the protein 
re^ponaibie fhr the recantum at tha eurlbce 
of tho wad associated with tha termini 
of th» genome, ^F-iabded Ad3 complex I 
woe digested with the restriction endonu- 
deaae Coo Rl and half of tha reaction mix 
was layered directly onto a 1.4% agorae 

woe 

digested briefly with Frouaee before layer- 
ing onto the gal- All of tha Preaase-di* 
treated **F-labeled DNA entered the gal 
and resolved into the three enacted frag- 
ments for Sco Jtl cleavage of A45 DNA. 
However, 94 and Bfifc of the A ant) B frag- 
ments, rnapactively. of the Eco JU diges- 
tion of the ^F-labeled Ad6 complo* J were 
retained at tha top of the gol> while the 
internal Bco Rl fragment C entered the 
gel unabated (Fig- 4). Similar experiments 
wring the ratriction endonudaaae tipa I 
which doeves 4 and 12% from the lett and 
right termini, respectively, of the genome 
gava identical roaulte (Sombrook et ai„ 
I97fi): that ia, only the two terminal frag- 
mania of the Ada complo* are prevented 
front entarmg tb* gel. 

Aa 60% of the viral DNA in the AdS 
samples I preparation waa linear when 
scored by the electron microscope while 
over 90* of both terminal fragments were 
retained at the surface of the 1.4% agarose 
gel, it eaamad highly probable that linear 
DNA had protein attached to both of ita 
termini. To teat thi* possibility ftuthar, we 
egam j UBd the susceptibility of the "F-le- 
belod AdS complex t to degradation by tho 
vkdenoninc triphospfaat-dependent deoxy- 
riboniseUfurtt W Hemophilus influenza* 



AND HAVRSTY 

RdJPriedman and Smith, 197Za,b). Tbia 
ATP-dapendent DNaaa does not dogrode 
circular double-strand DNA but readily 
aleavea linear dunks DNA (Friedman and 
Smith, l972a,b). Hence the ATP-depend- 
aat DNaae requires a free end on duplex 
DNA to initiate degradation of the mole- 
cule. Either abort 3' or 5' Bingl*»strand 
tails at the termini of the duple* DNA do 
net eigninoantly inhibit the rate of digoe- 
tiou (Friedman and Smith, 1972$,b). The 
ATrMapeodant DNaaa (a gene*eua gift of 
Dre. M. Mann and H. fimiih) wu teated 
for specificity under our reaction condv 
tione on a mixture of linear and circular 
phage X DNA. Circuleraation of X DNA ia 
due to the anwnUng of a IS haae long 
sequence at one termmua of tha DNA to a 
oomplamentajry sequence at the other tor- 
minua CWn and Taylor, 1971). A reaction 
mix containing 0.6 ugof both circular and 
linear * DNA waa digested with Q.7& unita 
of the ATP-depeodeat DNaae for la min at 
27° and the products resolved on an 1.4% 
agarose gel with markers run in parallel, 
linear X DNA woe completely degraded 
while hydrogen bonded circular X DNA 
was resistant to digestion (data not 
abown). 

The susceptibility of Ad5 eompbue 1 to 
degradation by the ATFtdapandant DNaae 
waa, examined in two way*. Linear SV40 
duplex DNA, produced by cleavage with 
the^fpo n restriction endonudeaae (Sharp 
ef o7 u 1978). and Ado complex I DNA were 
each added at a concentration of 9 ug/xnl« 
A lo-pl aliquot of the reaction mix waa 
diluted and mounted for observation with 
the electron microacopa (Pig. 6a). To the 
remainder of the reaction mix, 0.75 unite 
of Die ATP-dopendent DNaaa waa added 
and incubated for 15 min at 37*. Again, 10 
pi of the reaction mi* after incubation 
ware mo u nt e d for observation in this elec- 
tron microacopa (Fig. 5b). A perfunctory 
survey of Pica. 5a and b ahowa that the 
linear SV40 DNA was degraded while lin- 
ear and circular Ad5 length DNA waa re- 
eigtan* to direction. Histograms of the 
DNA length in die reaction mix before and 
alter the addition of ezuytae arc ahowa ia 
Fig. 6. The length measurements confirm 
the Initial observations. While linear AdS 
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Pio. 4. Oal dactrapbarfiiui dSco m «Jeav«g« product* af "P-lotaled Ado PNA-prutew r^rr^^f **P- 
lafaolad Ad$ DNA-prot$in eonmjax prepare! at detcrtbod \n I*8«nd u> Pig. s »«»di*4y«4 aa*initftwa i»Ut«f 
volume* of 0.1 AT Nm&l 0 Ol MTrtc, and 0. DDI tf EDTA, pH 7.9. Onc-untb. milbUtar of the "P-laboled BNA 
ayzoptai wn0 4iluted wub 0. 1 ml of bu#to. p>vimf » fia*i «ajt carantnrtisn of 0.0(1 M Nad, O.Dl M Tm. p& 
7.0, «»d O.Q1 1/ U#UU- Altar boating W 57* ft* W nun, Ifoo Hi *n4«uwloaee w M addfld and mmbafcion 
continued lb* 10 min- Aftvr inoabptioo, o.OS ml wpi cranilferrBft to cadi of two raaefton mjx&S aad 1 of 90- 
x&g/ml Ptnniin wa* addad. Aft«r lncub*titro fbr xO msn an &7* r U»*b aomplra wore mixftd wilb bromtrphaiud 
bt^ rod Uyisro) onto Q.8 x tf<»u.4*aflBTo*a^ BUem>p*u^^ 

go]a wan itainad and photographad and tban ilteed into l-f&ma]taM fbr counting. Tb» Cwaabov cswm per 
wUfltta tnrt i cttf e d besida thobaada way en J minted by porremoy ftirb&cfcjettmad and a*a pummanopa of tb* 
vataea (far tnfofl or mart adjacent »Uoo* Thw band* of "F-lahalid WA, £w 91 ftbgmjaiU A (7ft- 7). B 

<}&0)i 4o4G (7Jb,'touroraaglvedOTraitl&fi&ajaida&|^ (a>.Tbc proportion af*7ooun£iS 

per nrmate to M*h band la tbat expected fax th« known malftcular WMgnu orthe£» Rl cUavage «>ag*panta 
of Aofi {SNA ( n a ghrrtnfr «f al.« Ov«x 00* of both q ad fraaT&mt* a and B an retained at tna Huifaea of 
gel lb) whoa the Sep Bl 4>«tantm product* of the Ada OVA-protaia miopia* on directly layarad onto $u. 



PNA w»a resilient to digestion, essen- 
tially oil linear 5V4Q was cOanved into 
fragments omaUer thnn half-length. 

To quantitat© bc*1»r the fraction of "P- 
labe l iw Ad5 cample* I rcoiatant to digea* 
tion by thD ATP-dependent DN&se, the 
nrodutta of similar reaction mi*ea were 
analyzed hy agarose gal eloctrophoreaiti 
(Fig. 7). <H\ (a) Qliaws th« v«outo af elec- 
trophoresis of a reaction mix containing 



n P4abeled Ad5 complex I; ^P-laW id 
retained at tlja top of the nl. In tfao second 
wunple resolved m gel (bh D*2 ug of unla- 
bal«j AdS ONA was xnisted with 0.16 ^fiof 
the "rMahelad ccmnlew. 1^ a^in the a P- 
labelad DNA waa ratairwd attne aurfeou pf 
the gtal wfcfle As added mlobeled M5 
DNA «nter«d the gal uno^ictad. A dugOi* 
onto reaction mix containing both 045 iig 
o/»P^lab©led Ad6 complex 1 ond unlabeled 
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Faa. S- Dtypvtian <^A^ DNA-pnrtctfB complex fcy ATF-4*J»nd«rt HJVwe. ^UjmknJ a4$ oQsnpJ&a 7 end 
SFV4« nKA^Md b7<4ca^« with th* mtrictUw ontfcntictcrtq Bm U wm mixed and nurantcd 
8ST YW?»ilx«Uoii lh the electron w*c™cope, A typja*) flUd with both linear &V4Q WA and Ad6 UNA U 
$&UWi in (a)* After dfgvexlBn of the rrnflinriw of Chis ample with the A^P^depeztdeat UNhpo, an aliquot wee 
gion n fr e d Iter e&*0twa e^wwowjuj CW. rfrzto that Uoc ar Svw does not aurvivo ttut di^ejftum, while tow Ads 
DNfA and a lanet diroar have not beep, degraded by tha nuclease. A length biiCMgnun fttr DNA preae&ca 
before end after dj paction ]■ ehowa In 4. For datftUa of amdLttanft TO* dJgMtles, by the ATP-depepdcn* 
JXSfaas, efte legend to Jftp. Q. 
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Co) 



se citcmb 



I i "" I \ — " P * T \ 

ib) 



io 20 ao *o so da to q.q so 
SV^OunfTa 

fre. «. Digttfitian of Ada couple* DNA by ATMapMUfcstt DWwi **IM»bolod Adfi oompie* % «m dilnwd 
v& a cdaowttrttlon of 9 Mgrtni in Q.l« V Tria, eB ft.0, 0.01 AC WgC^ 0.89 mtf ATP. and 0.001 if DTT. Linear 
8V40 duplw Wf A prodm* lQr digeafcion of fturo I UNA (Hirt, 1087) with the re»wlctfn» andqnndaBM *fcn II 
(BH«*<rtai., 1078) ««# added to a concentration of a pg/mJ. A 10-^1 Boaplo of thia mix diluted io 5 If 
JTO, CJ9J>9 and ntounaad far ebenrrattoa w the vlamoo mtawtoopa (Pavja m a/., 1971). Hwi aia unk» «f 
ATF-dipOftdftnt JttfeBj wo add** td tfev rameSndor (0.08 oUj «*d OvwbAUid far ifi mlQ AT 97*. FftUeWUVff 
incubation, IM of the reaction nix ttafl again Ka rtintfrf for *l«ctf<m mwnPM«*py. Qrid* of pafn dlgeftvd and 
ium&g™r*d lamplcs wva pbrtw y tOwd aa Sfi-nun Ota. enlargae. end printed. Tfeo length «f all DNA 
ocgmenia tongsx than 0.6 unite M.M cm) 00 fievaral typical prints ware xaaasorad ana iwrmftUrad *> 
unit fenalb 8V*0. However, only monomer Uopth d?nlir « Uw Ada DNA w«w> ntolod- Ctrcnlar PNA 11 
denoted by open 0*4 an* (Q) ana linear UNA eagmaate by Mled §quara (■). Ada D^A baa a molecular 
woighto^M x IV dstema «nd would b* aapoctvd to \* T.Ofl (4maf loafer man SV40 DNA CS.A k ID* d*Ha*a). 
Histogram Ca) onewa length dwtoifcutloa W5*pq digeftwn w^go bitfvgnwa (M aaowfl DNA laneva- after 
digestion. Novo many more frtfl eraet wara moetnied for cUt* la fb). 



Adfi DNA wae dieted with the AfMa- 
Ptnd ent DNaae and layered onto gal (d. 
Digaauon by the ATP-dapendent DNaae 
completely cleaved the Ad5 SNA but 
did not; cleave tha •TMabelad Ad5 complex 
I: Quantitation of the percentage of the 
"^labeled oomplav resistant to the ATF- 
dapandent ONtoae is givm by caynparatg 
the amount of **F DNA migrating aa intact 
DNA in gala (d) and (a). In tba raac&m 
miK laycsrod opto gel (d>* Q.16 /«g of **P- 
labeled Ad5 ooxnpla I and 0.2 pug of unla- 
beled Ad6 DNA ware digeatad for 15 nUn 
^vitb 0.75 unit* of the ATP-dopowdent 
DNaae and than for 30 min with £0 of 
Pronaaa. The reaction mix layered ante gel 
(a) contained Q.iS^ofUve "F-labelad Ad£ 
complex 1 digested only with SO of pro- 
naae. The band mSgrating aa intart Ad5 
DNA in gel (d) containa 60% of tha ""K 
lebelod DNA that ia presemt in tbe equiva- 



lent band ix» eel Ce> (duplicate eq^nxixwnt 
gave Bl%). Vf* conaluda from thcoo experi- 
manta that the Ad5 DN Ar-pratein complex 
la resistant to the ATF-dependant DNaae 
and that digaatian with Prorasa 
the agent preventing the auction of the nu- 
clease. 

The inactivity of purified DNA ftam 
any adenovirue eerotypa hae been very 
low 1 Uataf the technique of prec^ntotian 
of DNA with (Ca^CPQOi. Graham et al~ 
C1973) obaarvad an efficiency of infectum of 
10-20 PFU//*g for Add DNA. It ie interest- 
ing to note that tba a&eiency of tranafbr- 
mation of mammalian cells by adenovirua 
DNA ia app i uxlxxi ataly the same aa that tor 
inactivity (Qrahom and Van der Eb, 
1079a F b). To teat whetlwr the viral DNA- 
protein oomplex described above (aea Pig- 
1) had a higher eftleieAcy of infaotion than 
viral DNA, aliquota of the sample were 
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Fiq. 7. "Nab«M Ad5 DNA-fcquio eompU* rwlfliww to ATM«f*«feirt. UN** AftgMtuui. Five 
reac&m miXM C0.05 ml) amtunijig 3 W*mX of »*P-U*»l*l AdP campliix I wfec* prefmnri *o ft buffer « A* 
Tm. pH 8.0. 0J» aril ATP, ft.01 *T MffCl* m4 o.qoi Af PTT- TJtv f|v* reaction muw* wo aunsiWy 
lasrwtd onto the tf»U ta~«) ami molwd *y cJwUnpbqniflw to4 hr *t TO V. Alto *aioi«if. to* gels wott 
^XndthiA 4llo«i t»t» l*x»n wctioni •nSOfn^ coon**- T^o htoN? of ^nriija: 

(c) 0.2 r s of Art* DNA art vniw »f AW^tapoodmrt Xtttoa w»fo wU«» M» i***itodft»T 3 9 mla a* 07. 
(4) o 75 of ATF-depetuta* Wf iw» ww add#d ft»4 tocubftted for IB mm at 37"; kmjmww «wbW 
the i**ttoo m» wu »www«i with 80 mi *od hj****^ 

"^labeled catftpte wbi incubate* Aw ID min it ZV aod *ea W ftf of Pnwwsft ww fttited mid UtfUbaStom was 

in ma gul« . The po«iti«n of iirtftct AdB UNA w by tfco wrow* The band* 5w1m4 by Uu> arrow in fob 

(d) a9)4 (o> contain*} lftQ and 16W com. mpoetfvBly. 



mixed willi 12 of aalnion fipattn carrier 
DNA and were in the (Ca) 4 (FOj„ 
protocol for tronafortion (Grubow and Veu 
der Eb, ISffamb)- °ur C» technique waa 
mvvmoly tested using BV40 DNA and an 
e&ronsy of IV* PFU/m* was obfiervad on a 
monkey cell Una, Cv-J. Ike raaufta of 
xhas* azperhnantt a** given in Tfeble 9 for 
the prepttraciazL of DNA-pr*tean complex 
described In Tigs. I and 2. Thto swlea of 
experiment* spans a period of mwre than a 
month, The htthfldi efficiency or tnmpfec- 
tinn observed with PwnAao-digefitedj 
phgpqlrcxtrated Ado DNA waa 80-86 
PTTJ/Mff. to many caaaa, no plaques devel- 
oped wtien 1 /*« or more of vwal DNA was 
added po tba cells. A wids range of mfectlv- 
ity WB* gbaerral with the DNA-protmn 
camples, 47-7*30 PFU/^g- However, in 
esy raven sot of oxp^rvrowta, th« DNA- 
protam ooRvplex was XCP-fbld more infecr 
tiaaA to A«e DNA, TIub was olao ob- 



served with pthoy prpparationa of Ad6 
DNA and Ad& DNA^rotein eomploeo- 
That the in&cdviiy of the DN A-pro Wn 
complsx waa not dua to contaminating vi- 
rus wad obowyi by the tftbognoe of plaques 
when no OaClg wud added to thb DNA 
infectivity o^ay end by the susceptibility 
of tho mfecttouo snatorUl t» dific^tion by 
iXNTfrte. Ad6 virus formo plaque? with 
100% atRriancy in tha traasfectian away 
without Cad, and was not mwaptible to 
DNaaa dlgaai^on. Ttie reduction in plaquaa 
after addition of Ad5 antiaerum wae proba- 
bly dua to on inhibition of the twnafection 
by the added protein; a precipitate 
fomo in the (CcO a CFO,)8 solution oftor ad- 
dition of the antteoruin and similar reduc- 
tjona in efficiency of traog faction were ob^ 
served with Ad5 andaerum and SV40 
DNA. We conduda that tba Ado protein- 
DNA c o rnp leat h4o a hiarhor eSQctracy of 
tnm»fection than v^ul DNA. 
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TABU! a 

TEAwrscTfDM by Ad5 UNA-PBmm Cavruex' 



Srunpl* 



ion 



to 



«0 



(9? 



A40 nNA-pfotoin c*m$U>* 


1.0 




W. 47 


50-47 


440 DNA-protain cample* 


1-0 


— 


0,0 


0,0 


Ad* &HA-prtMln pwnplo* 


0.1 




10,94 


100-240 


Ad5 9NA 


1.0 




0.0 


0 


AdfiDNA 4* A4* DWA^ppoUU* «ompl< 


i* O.fl t 0.0 




IB. 29 


38-44 


Ad* SNA-prounft compl** 


1.0 




CO 




AW OKA 


0.9ft 




o,g 




AdSDHA 


0.50 


-t- 


13.10 


ao-ao 


AdSDNA 


1-0 


r 


8. XI 


8-11 


34ft &NA-*ptotoiA earaplwc 


0.1 


T 


401, oao 


46l0^a«» 


Ad6 DNA-prateln cwnplax 


1.0 










Q.0 




o v o 






1.0 




4,9 


4-0 


Ad£ T4NA-proteh> annptat 


0.1 


f 


35 P 4fl 




Ado DNA-protawa complflx 


1,0 




440, 406 


440*4^0 


AdODNA 


10 


r 


US 


1-3 


AOO BNA-protei» complex 


oa 


r 


14, 14 


140 


Aaj! DNA-pToteln compio* 
AdO HNA~prat«in punplax 


0.6 


+ 


140, 100 


380-820 


0.1 


A. 


62, 190 


uio-iaaa 


Ada DNA-pvotoin c*i»pU« 


0.1 * A45 em> 




0,0 


0.30 




serum 








A46 PNA^prowta ample* 


1,0 




o, o 


0.0 


Adfi DNA^-protaluk ©ample* 


0*1 + DNa»e 


> 


0,0 


r 0,0 


Adft WA-p*t>tiiin complM 


0.1 incubated 
37° 




2».3fi 


ZflO-SSO 


AdB DNA-proUm compjut 


1.0 








AdS D*fAr-prot»i*v eof&plat 


oa 




702, 000 


7830-6000 


Adfi DNA-proc«in comp!Ux 


1.0 








Adfl nNA-prorem complex 


0.1 




IGft, 173 


1B7O-1730 


A45 DNA-pratem comply 


0.1 


r 


*18, 403 


41&0-4Q30 



* TrmwUfcrna^ vid pMfbrmad aa dewrtbsd unqW Mataods and Material*. Th* *oroita wo ia-g> 
a§ wperim«0U carciftd oat op « ringl* day. Ada ONA*N*ata ccmplax u««d in «qwli»a»t» liO-trt v»a vho 
Pf ofWTHtian doscvibod to 1 w4 rhrtrnrtflTi«il la z. Toe AOS WA-prnwin complax sample uaad in to 
and (g) was pmpurad tn a vimttar faibiun and tha inactivity of this aarapla u alao aentitlv* to DNaae 
digttetfcm «o4 dependant on toe addition of C*cu (dttanot thaw*), HNaw m»otkswnt coasi9*ad rfuvcubaUng 
complex in p.i Af NaGl, 0.01 AT Trio, pH S.0, 0.01 J* KgCl* wvca 10 fi$t*k\ of panonatifi DKaae Oar 30 mtn it 
ar. Vqurvaleot iiMubation or eomplm olooe in t&* bv^or did noi deeraaKB inlMvinr. Tbii dxeestlon 
qowUTlon dagrodfia duplex UNA imo rwII pHgoq w4 «o tldpn , A 0.Ql-tnl oUquac of Adfi wMirmp (PUH&MOd 
ftm PWw L«i)«n»c«noa} was Bddad co a Q,4-ml «ohs«ia^ of amnplax cO.l J* N»i2l, o.oi M T»U, 0 0, and 
O.oai if EDTA t pH a.O). This noluMan wu ineufaaiBd Jar 30 min a( rr and then used for transaction. 
Add Won af an oquivoknt amount of antUaraa to AdO vinia imdar thaac eonditiona nau!raiu»o ovnr 10 8 PPU 
aWviriv). 



OS0CUS81ON 

Axi5 DNA^protein complex were p^e- 
parsd by disrupting virion* with 4 U ^aa^ 
nfrilTitlim cJUorido and Teaolvsog the v^ral 
DNA from Blow** iwdixnMntixxg prpt^i^o by 
c*<ntr1fugwt«rti in a eiwoee gradient con- 
tniniHg 4 Af gunnidinlum chlnrvie- Undar 
tbeae conditiotoa, tbe i^lQaned viral PNA 
sediAento at a rate caxpected for linear 



duplex molecule* and, when mounted for 
(nwrvathm with the electron microscopo, 
80% of the Adfi DNA fa observed to be 
linear. However, after dialysis into saline 
buffer, approximately 80% of the Ad5 DNA 
recovered from such gradients form circu- 
lar or more eompUanted OQn&guratton£> 
All of theae configurations are eonaiqtent 
with the aggregation of termini of the viral 
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ON A. Throughout this paper ami in publi- 
cations from other lebe^tories, this awo- 
caadon of the termini of the DNA ja nor- 
mally credited to the preesnce of protein at 
that petition (Babhuion and Ballatt. 1974; 
Brown e* ql.t 1075). The basis for thin oug* 
fixation ia that digestion with Fronase con- 
vwts fbe AdS DNA preparation to mon- 
omer length linear duplex DNA- Although 
it ia highly likely that a protein is in- 
volved, it had not yer bom chemically 
demonstrated- With this reservation in 
mind, we will continue to describe the 
etantrferiotfea of Adfi DNA prepared with 
this protocol in terms of a DNA-proxein 
complex. 

Robinson etf cj, (1973) first isolated ado- 
novnrws DNAr^pretQifi oc mpl w niw by dis- 
rupting virions with 4 if gmnwnium 
ch1ar1d» and thro extracting with chloro- 
form. Such DNA-protain complexes sedi- 
ment ee circular viml DNA in <i W guani. 
dioram chloride sucrose ejadiante. Our 
modification of their procedure consisted of 
eliminating the chloroform extraction, 

JXAK nV A^ww tftj ^ *s#%wiw i1< mt«m aadiznfiiit aa 

linear duplex DNA in the sucrose gradient 
if the clUnrofarm extraction is avoided. 

Circular and more complicated configura- 
tion* form during subsequent dialysis; 
audi dialysis renders these configuration* 
resistant to disa oeociat io n by 4 Sf guani- 
diunra chloride* If the termini erf the Ad6 
BNA-protein complex had aggregated 
during the chloroform extraction step in 
the procedure ofBobinson ** o£> (197a), the 
two result* would have been consistent. 
Nevertheless, the observation that only 
50* of the Ada DNA-protein complexes 
deem to ixraveraibly aggregate into compli- 
cated farms suggests thai the process 
might not be due to the simple affinity of 
two proteins for each other or of on* pro* 
twnlbr the two termini of the viral OKA. 
In fact, it Is possible &at the association of 
the termini of the Ads DNA-protein com- 
plex in uttro fa due to protein danatutation 
and that in vivo the genome is linear. The 
experiments described here ami those al- 
ready published are inconclusive on this 
point- 

The exclusion of adenovirus DNA^pro- 
tein complex from entering an agarose- 
acrylamidu composite gel has also been 



AND HAVEBTY 

reported by Brown eff of. U97e) T Ho*, Ad2 
DNA-proWin complexes wore isolated by 
disassociating virions with 0.05ft SDS. In 
addition. Brown el oJ. (1976) also showed 
that the terminal fragments produced by 
£co SI digestion were retained at the sur- 
face of the gel while the mtarnnl frag- 
ment* immigrated with marker virxl 
DNA* 

Although 50% of the "P-labalad Ad5 
DNA-nrotein compleqs wo* linear after di- 
alysis into aaline buffer, over W* of the 
te P4abelad DNA wee retained at the sur- 
face of en agarose gel during fdectropharo- 
Bis„ Eco MX digestion of Ad3 DNA produces 
three fragment*, A, B, and C, The two 
largest fragments A end B are from the 
left »nd right ends, respectively. Over BO% 
of both the A and B fragments remained at 
the gel mu&ce during electrophoresis 
when "F-labaled Ada DNA-protein com- 
plex was cleaved by Eco Hi dUestian and 
layered onto an agarose gel. Prooasc 
digestion of this sample before electropho- 
resis allowed both fragments to migrate 
normally. Thus, most of the linear AdS 
PNA-protein complex must have protein 
attached to both termini. The susceptibil- 
ity of the AdS DNA-protein complex to 
degradation by the ATraependenft DNase 
from Hgrnophtiua influenza* Rd supports 
this conclusion. ThisDNaae requires a free 
terminus, probably Sot a site of entry, to 
degrada duplet DNA (Friedman and 
Smith, I972a,b), ftydrogen-handed circu- 
lar phage K DNA Is resistant to digestion 
under conditions where linear A DNA is 
completely degraded* Whan the prepare* 
ticn of the Ad5 DNA-nrotein complex was 
digested with the ATF-dependeut DNeae, 
both linear and circular genome length 
DNA were resistant. Under similar condi- 
tion, free Ad5 DNA woe completely de- 
graded. Proteins attached to both termini 
of the viral DNA therefore protect the lin- 
ear DNA from degradation. This conclu- 
sion is baaed on two assumptions: First, 
the PNase would use either terminus to 
commence degradation If it were un- 
blocked* and second, that AdS DNA-pro- 
taia c o mplexes with a Unaar conformation, 
as scored by the electron mteeroeope are 
also linear in aqueous solution. 

Interestingly, tho resistance of tht: Adfi 
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DWA-protein eompluc to dfigrod&tion by 
the ATF-dependent PNa&a also pnwdes 
one possible explanation fer tha increased 
tafecttvUy of the complex when compared 
to frtm viral DNA, Hww», tha protein at 
the termini of the viral UNA may protect 
it from degradation tay bumUt exonu* 
deaaco m luuo. Th* stimuluu far thie eug* 

f tuition pomao from the reduction of phage 
7 DNA t*anafoetion efificieiwy by the 
equivalent ATP-dependent PKaae in fi. 
co#, the rea3C exonucleaae (£enringer *t 
aZ., 1975). The genome of T7 ia * linear 
duplex and transaction of an i*c*C* E. 
colFgivep approxtaiately 30 PFU/^« of T7 
DNA, The level of efficiency of traaafee- 
tion increaaea to 60-fbid when an recBC- 
coli host la need (Bwwinger ef 1976), 
However, aa initiation of both adenovirue 
6 PNA replication (Suaanboch et 1973) 
and SNA transcription (Sharp 1974) 
probably occurs at or near both tarnum of 
the genome* the viral pnrodna attached to 
mda of the genome could have aaveral 
ftunctiooa* 

The efficiency of tronafectwp of thf Ada 
DNA-prctein complex varied from o low of 
69 to a maximum of 7B20 FFU/pg. In all of 
the experiments, the efficiency oftranefeo- 
tion by the complex wee significantly 
higher than that observed with (Tee viral 
DNA. Wo have net bean able to identify 
the oauee of the variable efficiency. If the 
affiriftney of franafectton can be nrorwJuc- 

ibly xnaintainod in the refc£ of 10* PfU/ug, 

it may be powlhle to modifr the viral DNA 
in vitro and the propagate m ut a nts by 
craoBfttction- 

/toe odfrd in praof. ScrvtiTfll ptwgtx VtBQCfUu* 

tone deacrifcod in tnia manuscript fbf »4«eowu» S 
[Ortiz*, J, t vtewda, 9-r aalMt W.i and Valgum, C 
U97L). JV*w fiiol. 234, Wwv^^ni 

Ufl72) tf'raJ. ATof. Anqd. Sci. UflA ItflMStffl) 
reported that tht offtcieocy of tr arwfarsw p of ONA 
favip eae, » 3> 0i»Mea pkoesf won poaofrive to pro- 
t«*«* digtttian. Socoucy a tatopentaro-oaatfUive 
mount of woa shown tiro to be tmnpmtup* 
DfiMitive iar «ffr*froy or crQ&gtecOm [Yaito&Xy. a.. 
IhwAmrt, Fm and J. (I8'fi5, I**sun> W9> 00- 
03]- 
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Enhanced Infectivity of Adenovirus Type 2 DNA and a DNA- 

Protein Complex 
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The inactivity of adenovini* type 2 DNA and a DNA-protein complex was 
studied in 293 cells, a human embryonic kidney ceil line transformed by Reared 
adenovirus type 6 DNA. and in human KB cells. Adenovirus^ type 2 DNA wia 
more infectious (up to about 40-foid) in 298 cella than in KB cells, whereas a 
DNA-protein complex (prepared by a rapid procedure) had about the same 
infectivity m both cell bnes. These data may mean ttot a factor present m 293 
cella (perhaps a viral-coded protein) enhances the infectwty of free viral DNA. 
The inactivity of DNA and the DNA protein complex waa increased up to 
fivefold by brief treatment of cell monolayers with 26% dimethyl sulfoxide after 
transfection. Under thee© condtoone, (i) the infectivity of native adenovirus type 
2 DNA ranged from 400 to 1,300 PFU/ug of DNA in 298 cells and from about 9 
to 14 PFU/ug of DNA in KB cells, and (ii) the infectivity of the DNA-protein 
complex was6 x 10> to 2 x 10* FFU/^ in 298 cells and 1.4 x 10* to IS x 10* 
PFU/Mg in KB cella. 



The infectivity of human adenovirus DNA 
was first demonstrated by Nicoteon and Mc- 
Allister (10), who observed a typical adenovirus 
type cytopatbic effect when human embryo kid- 
ney cells were treated with adenovirus type 1 
(AdI) DNA in the preeence of DEAfcVdextran 
(12), No reproducible relationship was found 
between DNA concentration and cytopatbic ef- 
fect, A reproducible technique for assaying ade- 
novirus type 6 (Ado) DNA infectivity was de- 
veloped subsequently by Graham and van der 
gb (4)* DNA was co-precipitated with calcium 
phosphate, and infectivity was quantitated by 
plaque assay on human KB cells. The infectivity 
of Ad5 DNA waa low (about 20 PFU/jtg) com- 
pared with other viral DNAa, such as simian 
virus 40 DNA ( 10* PFU/jig [8]) and herpesvirus 
type I DNA 00* PFU/pg [a, 15]). Recently. 
Sharp et at (13) reported that the efficiency of 
transfection by Add DNA could be increased 
approximately 100-fold with a viral DNA-prc- 
tein complex ( 18); however, the inactivity of the 
DNA-protein complex waa highly variable. It 
was recently reported that the infectivity of her- 
pesvirus type 1 DNA could be increased by 
treatment of cell monolayers with dimethyl sulf- 
oxide (MexSO) after transfection with the cal- 
cium phosphate technique (16). In this report, 
we have determined the infectivity of adenovirus 
type 2 ( Ad2) DNA and a DNA-protein complex 



in human KB cells and 298 cells, a human em- 
bryo aidney cell line transformed by sheared 
Ad5 DNA. MesSO treatment after transfection 
increased the infectivity of free DNA as well as 
that of the DNA-protein complex. We describe 
a modification of the method of Robinson et al 
(18) that yielded preparations of DNA-protein 
complex with a reproducible infectivity of about 
10* PFU/**g. w . I . J 

The 293 cell line is a human embryonic kidney 
cell line transformed by sheared Ad6 DNA that 
waa established by Graham et al (3). This cell 
line yields plaques with Ad2 and Ad5 up to 4 
days earlier than do other established human 
cell lines, with about the same efficiency aa that 
observed in KB cella and in HeX-a cells (F. Gra- 
ham, personal communication; our unpublished 
data) . We have been using this cell line to assay 
the infectivity of in vitrc-conatructed A 42 mu- 
tant DNA- We have compared the infectivity of 
Ad2 DNA in the presence and absence of Me«SO 
in 293 cella. In typical experiments, Ad2 (strain 
88-2, plaque 6, free from adenovirua-associated 
viruses) DNA extracted from virions 16) by the 
standard protease-sodium dodecyl sulfate- 
phenol method (7) yielded from about 150 to 400 
PFU/i*a (different DNA preparations in differ- 
ent experiments) on 293 cells (Table 1) Treat- 
ment with 25% MeaSO in JV-2-hydroxyethyi pi- 
perazme-^^-ethanemilfonic acid-buffered sa- 
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PNA 


No.ofpbc*utM/4t&h 




PPU/Mg 


Evpt 




Without Mo»SO 


With Mc^SO 


Without M*SO 


With M«*SO 


i 


ai 

0.2 
0.5 


40,32,41 
54, 73, 91 
158, 160, 106 


117. 86,139 
SS3, 227. 209 
* 


40Q, 320, 410 
420, 366. 455 
316. 360, 390 


1,170, 850,1,390 
l,165 r 1325, 1,045 


2 


0.2 
0.5 


26,29 
75, 72 


84,83 


130, 146 
150, 144 


420, 415 



•Each ©mritoeni was ciaried out win a aramic upia pi«|»rmwn on m»«™« mv- ♦ ~ -™~r"'- 
as*ys werTc^ out by me calcium ohwhate lachnique of Gnduun and van d*rEb (4) 
rna^toms. Briefly, 293 cells growing m Eagle rauumnl ejaenoal medium contaimng 10% borso wrum were 
SZ ^U with • mixture of 006% trypan nod 0.025% EDTA * Pj^^^,^ 
^^wit^^m^«n», cenirtfuged. rewtfpenaed in growth medium, and seeded (2 x 10« cells) in 60-mm 
^sTcell aheeU wer* wid oo^^k day for uar^Uo*. Cakhim phosphate prestation 
of ^ DNA w*a performed >t room temperature fox 15 to 20 coin in N'2-hydre*ytfhyJ I»pw^-2- 
ethwesu^otS: wid^amW ndine (4) conKunlng 20 of pb^UhlorofonD-*atr»cwd *0moo sperra DNAoer 
nricSfema Chemical Co.) end 125 mM C*C\± The calcium pboaphate precipitate 10.5-ml aiapeiu^Kwa* added 
to each ceU monolayer sftcr removal of growth medium- After 20 min at room temperature, 5 ml of fresh growth 
SrS^il culturco wm* £c«b.tod at 3?«C for 4 h. Tbo medium web removed. «nd pl*u* wot 
3 with 10 ml of agar overlay medium or treated with MeaSO followed by the addition of aay^erley. 
ThT overlay medium conned of minimal essential medium in 09% agar (Difce) wpplemented with **> bow 
wmim and 0.1% yeast extract for 293 colls or with 5% horse serum and 5% chicken **rum for KBceU*. A second 
ovSuvT ml) containing 00022% neutral red waa added on day 7 tor 293 cells or cm day 10 tor KB cell* Pliunies 
were -counted 1 2 dayslater- Treatment with Me»SO was carried out essentially as described by Stow and Wflkie 
(16) Cell monolayers at 4 h after transection were washed with minimal essential medium (2 or 5Wrum) and 
seated with i ml ofdtaril* 25% Me^O in ^hydroxyethyl pipera^e-i^^^thiinefiulfonic acid-buffered saune 
st room temperature for 4 min. MeySO was removed, and cell ahceta were washed with 8 ml of muumal e*wmua 
medium containing serum, followed immediately by ihe addition of Agar overlay as described above. 
p —, Not tested. 



Une for 4 min at 4 b after the addition of the 
calcium phosphate DNA precipitate yielded 
from 400 to U00 FFU/ftg. In other experiments, 
platt£ treated with Ma^SO always yielded more 
plaques than parallel plates receiving no MesSO. 

Recently, Sharp and co-workers (13) have re- 
ported that the DNA-protein complex prepared 
by disruption of Ad2 virions with 4M guanidin- 
ium chloride followed by sedimentation in a 
sucrose density gradient containing 4 M guani- 
dinium chloride waa about 100-fold more infec- 
tious than free DNA when assayed in human 
embryonic kidney cells. A* noted by these au* 
triors, a wide variability in the number of plaques 
(47 to 7,620 PFU/fuj) was observed. We prepared 
the DNA-protein complex by a modification of 
the method of Robinson et al, (13). Virions were 
disrupted with 4 M guanidinium chloride in the 
presence of mercaptoethanol* and the DNA-pro- 
tein complex waa purified on Sepharose The 
entire operation waa carried out in 2 to 3 b at 0 
to 4°C to avoid possible denaturation of the 
complex. The DNA-protein complex prepared 
from ^P-labeled Ad2 by this procedure yielded 
a single homogeneous peak (Fig. I) with a ratio 
of ahsorbancy at 260 nm to that at 280 nm 
greater than 1-9 (indistinguishable from that of 
free DNA). 

The DNA-protein complex prepared as de- 



scribed above was further characterized, inas- 
much as it was prepared in a somewhat different 
manner than previously described. When the 
DNA-protein complex was cleaved with restric- 
tion endonuclea&e £coRX and subjected to elec- 
trophoresis through agarose gels, the terminal A 
and C fragments (9) were retained on the gel 
surface (Fig. 2, lane 3). When digested with 
Promise, the fragments readily entered the gel 
(Fig. 2, lane 4). Digestion of the DNA-protein 
complex with other restriction endonucjea&es, 
including SamHl, Sal I, and Xba, followed by 
electrophoresis on agarose gels, gave identical 
results (data not shown). Similar observations 
have been made with Ad2 and Ad5 DNA-protein 
complexes prepared by different methods (2, 11, 
13). Therefore, the DNA-protein complex used 
in the present study contained the protein at- 
tached to both terminal fragments of Ad2 DNA. 

The infectivity of the DNA-protein complex 
in 293 cells and the effect of MeaSO treatment 
are given in Table 2. The DNA-protein complex 
yielded an average of from 3 x 10* to 1.6 x 10* 
PFU/ug in three different experiments- Me*SO 
treatment increased the specific infectivity from 
two- to fivefold. The infectivity of the DNA- 
protein complex was completely abolished by 
treatment with DNase; moreover, no plaques 
resulted in the absence of precipitation with 
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no. X. Isolation of on AM DNA-protein complex 
ft chromatography on Sepharoee 4& CePlpunfied 
4«& (ty was diluted to an abxorbancy atZGOfim of a 
to 10 (*P-labclcd virue mixed with unlabeled «™d 
and dtiOyzed against two change* of 500 volume* of 
10 mM Trus-hydrochloride (pB&l) eontoMngl mM 
BQTA and2mM fi-mercaptoethanol at (PC forth. 
An equal velum* of 8 M guanidinium chloride 
(Sckwar*/Mann) in 7ri*-hyArochloride-EDTA- 
mervoptocthanol was added, and the suspension w*w 
incubated at 0°C far 20 mm and loaded onto a 
Sepharosc 4B (Pharmacia) column (2 by 26 cm) equil- 
ibrated with 4 M guanidinium chloride in 7Va-Ay- 
arvchi^ndc^DTA-merc^torthanol at 4*C. Frac- 
tion* were collected at a flow rate of about IB ml/h. 
Fractions containing the DNA-protein complex were 
detected by measurement of radioactivity or absorb- 
oncyotmnm. pooled, and dialyzed against r JO m}f 
Trifrhydrochloride (pU 7.fy containing I ndti EDTA 
andZmM mercaptoeUianol The DNA-protein com- 
p lex(2QtQ5Qw/nU)wavMredaJ<fCupto2month* 
for transfectton studies without appreciable Ion in 
infectivity. The concentration of UNA mprepmuum* 
of the DNA-protein complex woe determined from the 
Specific radioactivity or from the absorbancy at Z6Q 
nm (the absorption spectrum of the DNA-protein com- 
plex is indistinguishable from that of DNA purified 
by treatment with pronast-sodim aodecyl mlfat* 
phenol). 



calcium phosphate (data oot shown). Thus, 
MeaSO had a stimulatory effect on the infectry- 
rty of both Ad2 DNA and the DNA-protein 
complex in 298 cells. 

KB ceils are used extensively aa a boat cell for 
the study of AdSt replication. Wo therefore stud- 
ied the effect of Me*SO on the infective of Ad2 
DNA and the DNA-protein complex in these 
celts. Ad2 DNA yielded an average of 5 and 8 
PFU/pg in KB ceUa in two experiments (Table 
3). Similar values have been obtained by Gru~ 
bam and van der Eb M> with Ad5 DNA When 
MesSO treatment was used, the infectivity in- 
creaaed to an average of 9 and 14 PFU/>g of 
Ad2 DNA (Table 3). Thus* the infectivity of 
uative DNA in KB cella ia about 40-fold less 
than that in 2&3 cella (Table 11 

The effect* of MesSO on the infectivity of the 
DNA-protein complex in KB cella are given in 
Table 4. The DNA-protein complex gave an 
average of 1.2 X 10* PFU/m* MetSO treatment 
increased infectivity to about 1.6 x 10 4 PFU/pg. 
Although KB cells were not aa sensitive aa 203 
cells to MeaSO treatment, a definite enhance- 
ment of plaque formation in MeJ50-treated 
monolayers was always observed. It ia notewor- 
thy that the infectivity of the DNA-protein com- 
plex is simflar in 203 cells (Table 2| and KB cells 
(Table 4), whereas the inactivity of native DNA 
was much higher in 293 cells than in KB cells. 

In Uus study we have determined the infectiv- 
ity of Ada DNA and a DNA-protein complex in 
both 293 cells and KB cells end shown that 
inactivity is enhanced by treatment with 
Me*SO. The infectivity of herpesvirus type 1 
DNA was increased about 100-fold by Me»SO 
treatment (16). Although we did not obsenre as 
dramatic an increase in the infectivity of Ad2 
DNA and DNA-protein complex, a consistent 
enhancement of infectivity compared with that 
in untreated monolayers (up to about fivefold) 
was observed. The mechanism by which MesSO 



Table 2 . Infectivity of DNA-protein complex in j»3 cells and effect ofMtiBO* 
a No. ofnUouu/difth PFU/** 





Wf/dwb 


WuboiuMc*30 


Witt) AfoSO 






1 


0.01 
O02 

oos 


k 

47,44,53 
165. 173, 167 


111, 134, 118 
142, 109, 116 


2,350, 23)0,2,650 
3,300, 3,460, 3*340 


11,100, 13.400, 11,800 
7,100,6,420, 5,800 


2 


0.01 
0.02 
0.06 


165, 138, 160 
306,211,250 


175, 177, 136 

mm 3i9 


3^50,6^00,8^000 
6,320, 4.220, 5^00 


17,500, 17.700, 15,850 
16.950, 16,300, 15,950 


3 


041 


164. 81,100 


213, 183,220 


16400; 8,100, 11,000 


21,300, 18,300,22,000 



" Erpenmenta 2 and 8 were earned ax 
conducted with a dttfortric preparation. 
* — p Hoi tested. 
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12 3 4 

Vic. 2. G*( electrophoresis ofAdS WA and the 
DNA-protein complex after cleavage Wtih restriction 
endonuclease EcoRl Electrophoresis was carried out 
in 1. 4% agarose tlab gel at 40 Vfor 14 has described 
previously (W- (1) EcaRI-digeated Ad2 DNA. (% 
gcQRJ'dieested XWA-protein complex after incuba- 
tion with &OQpg ofPronase per mi at 37*C far ih-fl) 
EcoHhdieested DNA protein complex. ftl Fragments 



j. Vmou 



Table a. Infectivity ofAdSt DNA on KB cells and 
effect of Me^SO^ 







Without M«£0 Wuh M*SO 


I 

2 


6,6,12(8) 17,13,11(14) 
6,7,4(6) 8,12.6(9) 



«Thet» experiments wot earned out at a ONA 
crtceatrntton of 1 *R/am A angle DKA prepoijtion 



are averages. 

formiHftft the iiifectrvity of viral DNA is not 
lroown» 

Transection of KB ceUa with Ad2 DNA gave 
about 5 to 8 PFU/ug. Simitar result* wwe re- 
ported for Add DNA (3). On the other bond, 
about 160 to 400 PFU/u* of DNA wot observed 
in SOS ceUa. Graham, who developed the 2B3ceU 
Una, |w <d*> obeerv«i in 10- to 60-fold utimul*- 
tioa of inactivity of Ad5 DNA in 288 cells com- 
pared with that in other established human cell 
lines (quoted m reference 3). 

It has been shown that the A45 ON A-protein 
complex (13) and the Ad2 DNA-protein complex 
(present study) are wbfitantialjyinoreinfectioua 
than DNA purified by the standard proteaee- 
aodium dodecyl euifete-paenoi method (7). The 
203 cell line retains about U% of the left end 
and about 6% of the right end of the Ad5 genome 
(R Weinman, personal comnwnkation) and ex- 
presses only the left end as inRNA (S). Graham 
et si (9) reported evidence that some viral-in- 
duced polypeptides are synthewied by 293 cells. 
These polypeptides may play some role in en* 
bandog the inactivity of viral DNA. The pro- 
tain bound covalently to adenovirus DNA {11, 
17) appears necessary for the increased iniecttv- 
ity of viral DNA (U; present study). It is there- 
fore possible that this protein may be synthe- 
sized by 283 cells and thereby may account for 
the enhanced infoctivrty of free Ad2 DNA. Other 
possible explanations include (i) lower levels of 
nucleases in 283 cejta, by analogy with Eschc 
richia caU strains deficient in rccBC nucleases 
that are responsible for the enhanced infectivity 
of bacteriophage DNAs (1), and (u) more efS- 
dent uptake of viral DNA by 293 cells than by 
KB cells. 

In the present study* wo have shown that the 
infectivity of the Ad2 DNA-protein complex 
ranged from about 6 x lO 8 to 2 x 10* FFU/ng in 
293 and KB ceUa, DNA-protein complex prepa- 



retavwd on the surface of the gel after electrophoresis 
ofEcoBI'dieeeted DNAprotcvi complex were etuted, 
incubated with SOP tfT of Pronase per mi at S7°C for 
I h, and outveeted to electrophoresis as described 
above. 
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Tabus 4, Effect ofMcJSO on inftewity ofth* Ad2 DHAprottin complex in KB cell* 



S<pt 



No. of pUqui»/4Sah 



PPU/rt 



Without MoaSO 



Wichoui MiSO 



With M»*SO 



216, m 261 
218,262,200 



271,312.342 



10,900, 13,400. 13.050 
10,730, 13,100. 1*,500 



13,560. 16,600, 17.100 
16,100, 13,760, 15,800 



• Tbtse exprriipento were carried out « e DHA coaceutration of 0.0* uf/dtah. 



rations used over a period of 4 months exhibited 
only about a fivefold variation in mfec&vrty. 
Others <13) have reported a wider variation (47 
co 7,820 PFU/fig) m the tafectivity of an Ado 
PN A-protein complex. Our method for the prep- 
aration of the DNA-protein complex ia eomfr. 
what difterent and may be riwponaible for the 
increased reproducibility of transaction. The 
improved transection technique described here 
should bA very useful for manipulation of the 
adenovirus genome in vitro. 
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